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ABSTRACT 
The syntheses, spectral and electrochemical characterization of new family 
electropolymerizable pyrrole, thiophene and mercaptopyrimidin substituted 
metallophthalocyanine (MPc) complexes are described. Tetraamino substituted 
chromium and manganese phthalocyanine complexes were also synthesized and 
characterized. The spectral and electrochemical results are comparable to literature 
reports. 
The complexes formed stable films when deposited on electrode surfaces. The 
MPc films were formed by electropolyn1erization, drop-dry method and self-assembling. 
Nickel hydroxide-like electrodes were formed by electrotransformation of nickel-tetra-4-
(pyrrol-l-yl)phenoxy phthalocyanine polymer films to the corresponding PcNi-O-NiPc 
modified electrodes III alkaline solution. The thiophene, mercaptopyrimidine 
functionalized MPcs and amino group containing complexes formed good self-assembled 
monolayers (SAMs) on gold electrode. The electrode modification processes were 
reproducible. The conductivities of the electrode were dependent on the surface 
concentrations of the complexes as a function of electropolymerization scan numbers. 
The electrodes showed good catalytic responses toward L-cysteine, nitrite, nitric oxide 
(NO), glycine, phenol and its derivative and oxygen. The results also suggest that the 
presence of thio groups on the ring substituents lowers the oxidation potential of L-
cysteine more compared to literature values. 
The stability of the amperometric responses toward the various analytes is used to 
diagnose the applicability of the materials for electroanalytical purposes. The limits of 
detection for L-cysteine, nitrite, NO and glycine were in the range of _10.7 to 10-5 mol 
d -3 m. 
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Chapter One 
Introduction 
This thesis dwells on the electrochemistry and electrocatalytic properties of 
metallophthalocyanines (MPcs). In this chapter, a review of the basic concepts of 
electrochemical techniques, including the nature of electrodes, electrode modification and 
characterization and electrocatalysis is presented. The synthesis, general properties and 
applications ofmetallophthalocyanines will also be discussed in this chapter. 
Chapter One Introduction 
1.1 Background on Electrochemical Techniques 
1.1.1 Cyclic Voltammetry 
Electrochemical techniques have in the last decades become standard tools for 
inorganic and bioorganic chemists in the study of redox reactions of a large variety of 
compounds. In particular, cyclic voltammetry (CV) has been vastly used to elucidate 
electron transfer mechanisms and to study the products resulting from the electron 
transfer. During cyclic voltammellY, the potential is swept from an initial potential Ei 
to a final potential, and at the end of its linear sweep, the direction of the potential is 
reversed, usually stopping at Ei (or may commence an additional cycle). The 
potential at which the reversal occurs is called the switch potential (E, ) (Fig 1.1). 
ItA 
--1, 
".. '"': ....... . 
...... 
E/V 
E; 
Fig 1.1: Cyclic voltammogram for a reversible process. Jp, = anodic peak current, Ipo = 
cathodic peak current, E; = initial potential, EA = reversal (or switching) potential, Ep, = 
anodic peak potential, E" = cathodic peak potential, EO· = formal potential. 
Furthermore, the rate of potential scan can be varied over a wide range allowing 
coupled chemical reactions and transient intermediates to be investigated. CV not 
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only has the power to study products of initial electrode reaction and unstable 
intermediates, but can also be used to investigate coupled chemical reactions and their 
rates, rates of electron transfer, disproportionation reactions and adsorption of 
reactants or products. l -4 The measure of the current, Ipa (anodic peak current) or Ipe 
(cathodic peak current) (i.e. Faradaic current) , is indicative of the rate at which 
electrons are being transferred between the redox species and the electrode. 
Assuming that the rate of electron transfer is fast when a redox species comes 
into contact with the electrode surface, the current that flows is dependent on the rate 
at which the species reach the electrode surface. The potential at which the peak 
current occurs is known as the peak potential (Ep). At this potential, the redox species 
has been depleted at the electrode surface and the current is diffusion limited. The 
further the redox species is from the electrode, the longer the time needed for 
diffusion to the electrode and the lower the Faradaic current becomes. 
In addition to Faradaic processes that obey Faraday's Law, non-Faradaic 
processes may also occur. Typically these are processes such as adsorption. Charging 
current and ion migration can also contribute to non-Faradaic processes. They 
originate mostly from the electrical capacitance present at the interface. The non-
Faradaic current is the region between Ei and the onset (or foot) of the wave labelled 
Ipa in Fig 1.1. 
1.1.1.1 Reversible Systems 
Peaks are observed for both forward and reverse sides of the cyclic 
voltammogram for reversible systems. These peaks are of similar shape and, if fully 
reversible , the magnitude of the current is proportional to concentration, and the 
forward current (Ipa) and the reverse current (Ipe) are equal. For an electrochemical 
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process involving the oxidation of a species 0, and reduction of the oxidation product 
R, (shown in Equation 1.1), a reversible cyclic voltammogram can only be observed if 
(l) both 0 and R are stable, (2) the kinetics of the electron transfer process are fast 
and (3) at all potentials and potential scan rates, the electron transfer process on the 
surface is in equilibrium. 
0+ ne- R 1.1 
For a planar diffusions.7 the value of Ip can be obtained using the Randles- Sevcik 
equation (Equation 1.2) 
( )
112 
Ip = 0.4463nF::r [O]A(Dv)1 12 1.2 
This becomes equation 1.6 at 25°C. 
1.3 
where Ip = the peak current (Amperes), A = electrode area (cm\ [0] = concentration 
(mol cm-3) and v = scan rate (Vs-I) , D = diffusion coefficient, n = number of electrons, 
R = gas constant, T = temperature (K), F = Faraday's constant. 
Thus the peak current is proportional to the concentration of the electroacative 
species, the square root of the sweep rate and to the diffusion coefficient. Provided 
that the system is reversible and not complicated by side reactions, the half-wave 
potential (EII2) will be equal to the formal potential (EO) and related to the standard 
potential (EO) as follows (Equation 1.4): 
E = E" = EO + RT In [0] 
11 2 2F [R] 
The formal potential can easily be calculated from equation 1.5: 
EO' = Epo + Epc 
2 
4 
1.4 
1.5 
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The difference between the anodic peak (Epa) and cathodic peak (Epe) potentials (ilEp 
= Epe - Epa) is given by Equations 1.6a and 1.6b: 
RT 
E" -E" = -
nF 
At 25 °C I':.E = O.059V 
n 
Table 1.1 shows a complete list of diagnostic conditions for reversibility. 
1.6a 
1.6b 
Table 1.1: Diagnostic Tests for Electrochemical Reversibility of a Redox Couple8 
2. The peak potentials, Epa and Epe, are independent of the scan rate v 
3. The formal electrode potential, EO', is midway between Epa and Epe, so that 
EO' = (Epa + Ep,)/2 
I 112 4. pOCD 
5. The peak separation, GEpa - Epol) is 59/n m V for an n-electron couple. 
1.1.1.2 Irreversible Systems 
For totally irreversible systems the rate of electron transfer is insufficient to 
maintain surface equilibrium. Unlike a reversible system (where electron transfer 
rates are significantly greater than the rate of mass transport at all potential scan 
rates), at low potential scan rates, the rate of electron transfer is greater than that of 
mass transport, and a reversible cyclic voltammogram is observed. However as the 
scan rate is increased, the rate of mass transport increases and becomes comparable to 
the rate of electron transfer. This phenomenon results in a noticeable increase in the 
peak separation. The surface concentration of the reactant changes more slowly with 
potential so that the peak for an irreversible process is drawn out, and the surface 
5 
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concentration eventually reaches zero. The most marked feature of a cyclic 
voltammogram of a totally irreversible system is the absence of a reverse peak (Fig. 
1.2). 
However, the absence of a reverse peak does not imply an irreversible electron 
transfer, but might mean a fast chemical reaction following electron transfer. 
If A 
Ipa 
..........•.... ,~ ...... ~ 
EN 
Fig. 1.2: Typical cyclic voltammogram of a totally irreversible system. 
The value of the peak potential Ep, for irreversible processes varies with the 
sweep rate according to equation 1.10: 
E K 2.3RT I = - ogv 
p 2al1aF 
1.7 
where 1.8 
a = rate of electron transfer, l1a = number of electrons transferred in the rate 
determining step and k" is rate of diffusion of species to the electrode surface. The 
other symbols are as defined previously in Equations 1.2 and 1.3 (see also the list of 
symbols). Table 1.2 shows a summary of the diagnostic tests for irreversibility. 
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Table 1.2: Diagnostic Tests for Electrochemical Irreversible Redox Systems8 
1. No linked reverse peak (in some cases) 
3. Epc shifts by 30/a,;na m V for each increase in u 
4. I Ep-Ep/2 1 = 48/ctcna mV 
1.1.1.3 Quasi-reversible Systems 
This is the intermediate between reversible and irreversible systems. The 
transition from reversibility occurs when the relative rate of electron transfer with 
respect to that of mass transport is insufficient to maintain Nernstian equilibrium at 
the electrode surface. In the case of quasi-reversible regions both the forward and 
reverse reactions make a contribution to the observed current. 
Table 1.3: Diagnostic Tests for Electrochemical Quasi-reversible Redox Systems 
1. I Ip I increases with u t12 but not proportional to it 
2. I Ip,lIpc I = 1 provided cta = Uc = 0.5 
3. I Epa-Epc I > 59/n mV and increases with increasing u 
4. Ip shifts with increasing u. 
1.1.2 Differential Pulse and Square Wave Voltammetry 
The basis of all pulse techniques is that the difference in current is measured 
hence minimizing charging currents9 The important parameters for pulse techniques 
are as follows: 
7 
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1. Pulse amplitude is the height of the potential pulse. This mayor may not 
be constant depending upon the technique. 
2. Pulse width is the duration of the potential pulse. 
3. Sample period is the time before and after application of pulse. 
1.1.2.1 Differential Pulse Voltammetry 
This is a popular quantitative pulse technique. The potential waveform for 
differential pulse voltammetry (DPV) is shown in Fig. 1.3. The potential waveform 
consists of small pulses (of constant amplitude) superimposed upon a staircase 
waveform (increase in step). The current is sampled twice in each Pulse Period (once 
before the pulse, and at the end of the pulse), and the difference between these two 
current values is recorded and displayed as a single symmetrical peak. 
E Pulse 
Width 
Step E 
Pulse 
Amplitude 
Quiet 
Time 
Pulse 
Period 
r-samPle 
Period 
__ Sample 
Period 
~~~~ ___________ t 
Fig 1.3: Potential waveform for differential pulse voltammetl)'. 
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1.1.2.2 Square Wave Voltammetry 
The potential waveform for square wave voltammetry (SWV) is shown in Fig. 
1.4. The potential waveform consists of a square wave of constant amplitude 
superimposed on a staircase. 10 The current is measured at the end of each half-cycle, 
and the current measured on the reverse half-cycle (ir) is subtracted from the current 
measured on the forward half-cycle (ir) . This difference in current (ir - ir) is displayed 
as a function of the applied potential. 
There are two advantages of measuring the difference in current; (a) it increases 
the discrimination against the charging current, since any residual charging current is 
subtracted, (b) the shape of the current response is a symmetric peak. If we consider a 
reduction, then at the potential well positive of the redox potential, both the forward 
and reverse currents are zero, so the difference in current is also zero. At potentials 
well negative of the redox potential, the current is diffusion-controlled, and the 
potential pulse has no effect; hence, the forward and reverse currents are equal, and 
the difference in current is again zero. The largest difference between the forward and 
reverse currents (and hence the largest current response) is at the redox potential. 
SWV gives excellent detection limits and it is better than DPV in some cases. Also 
D~V is slow, hence not suitable for some applications. However, both SWV and DPV 
are techniques of choice for determining trace concentrations (10.9 to 10- 11 M) of 
metals, anions and selected adsorbates. 
9 
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1.1.3 
E 
1/ S.W . Frequ ency 
S.W. Amplitu de 
~ 
Step E 
Quiet 
Time 
t 
Sample 
Period (if) 
---1--
Sample 
Period (ir) 
L-------~~--------------------___ t 
Fig. 1.4: Potential waveform for square wave voltammetry. SW = square wave 
Spectroelectrochemistry 
Spectroelectrochemistry is the in situ coupling of a spectroscopic technique 
with an electrochemical technique and this may be subdivided into those methods 
which focus on the spectroscopic characterization of the electrode surface and those 
which focus on the spectroscopic characterization of the electro generated solution 
species I I The field of spectroelectrochemisry dates back to 1964, when the first work 
was reported by Kuwana el al. 12 Many spectroelectrochemical techniques rely on the 
existence of electrodes that are transparent to radiation in a particular spectral range. 
An ideal optically transparent electrode (OTE) combines the characteristics of high 
optical transparency with low electrical resistivity. Very few materials are both 
optically transparent and excellent electrical conductors. Hence, compromise 
between optical transparency and electrical conductance is typified in an OTE. 13 Tin 
10 
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oxide films on glass or qUaJ1Z, for example, show unique properties such as good 
optical transparency, high electrical conductivity, high mechanical strength, resistance 
to corrosion, high hydrogen and oxygen overpotential, low background current and 
absence of electro active oxide layer. 14.19 These properties make tin oxide ideally 
suited for certain photoelectrochemical studies20 The use of indium tin oxide (ITO) 
coated glass, as an optically transparent electrode for UV -Visible 
spectroelectrochemical measurements of inorganic and organic redox analytes is 
common. The technique has evolved over the years to encompass research on a 
variety of topics: new electrode development, thin-layer cell design and construction, 
evaluation of reaction mechanisms, delineation of kinetic and thermodynamic 
parameters,9 material characterization, structure-formation studies of biomolecules, 
and environmental contaminant monitoring21.24 Several different OTEs have been 
reported, with the most common type being ITO. I ,25.30 The others include (a) thin 
films of semiconductors (e.g. Sn02 or In203), prepared by an electrodeposition 
procedure, I2,31.33 on a glass, quartz, or plastic substrate, (b) fine wire mesh 
"minigrids", (e.g. Pt, Au, Ag etc.), with several hundred wire per centimeter, have 
also been used as OTEs,l4,35 (c) other OTEs have been constructed from conductive 
materials, such as germanium36,37 that are highly transparent in the spectral range of 
interest, thereby obviating the necessity of using thin films or holes to give 
transparency. 
11 
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1.2 Types and Properties of Electrodes 
1.2.1 Optically Transparent Electrodes 
A brief description of optically transparent electrodes (OTEs) has been given 
in section 1.1.3 (under spectroelectrochemistry). Thin layer cells incorporating these 
electrodes are generically referred to as optically transparent thin-layer electrode 
(OTTLE) cells. The choice of OTE for the fabrication of an OTTLE cell is governed 
by; (1) optical and electrochemical properties. For example, ITO while highly 
functional for many applications has variable optical and electrochemical properties 
from source to source; (2) tolerance to cathodic and anodic polarization in different 
chemical environments; (3) the allowed optical window; and (4) effects of aggressive 
electrochemical environments38,39 The working volume of OTTLE cells range from 
30 - 50 flL38-40 The attractive features of OTTLE include the high sensitivity which 
can be achieved with very small volumes, the ease of achieving steady state 
conditions at the electrode, a ready adaptability to simultaneous optical observation of 
the electrolyzing solution, the very low current densities which permit highly 
irreversible reactions to be studied, and the relatively simple and inexpensive 
electronic control circuit41 Also, bulk electrolysis is achieved in few seconds. 
Spectroelectrochemisry has been primarily developed for obtaining spectra, and 
electron stiochiometries (n values) of redox couples42,43 The technique is based on 
the control of the ratio [O]/[R] of the redox couple in the thin layer solution by an 
applied potential. The redox couple is incrementally converted from one oxidation 
state to another by a series of applied potentials for which each corresponding value 
of [O]/[R] is determined separately. JJ Thin layer spectroelectrochemistry is a useful 
technique for monitoring electron transfer processes, rate constants and stability 
12 
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constants44-47 The number of electrons transferred during a redox process can be 
determined using Faraday Law, given by Equation 1.9: 
n=~ 
FVC 
1.9 
Where Q = amount of charge passed (Coulombs), V = volume of OTTLE cell (dm\ 
C = concentration. 
1.2.2 Glassy Carbon Electrode 
Carbon has been described as a natural field in which to plant covalent bonds 
for electrode modification48 For example pyrolytic graphite consists of the basal and 
plane-edge surfaces shown in Fig 1.5 
0 0 0 ) OH 0 ) 0 OH 
0 0 ) 0 
0 0 ) 0 
0 ) 0 0 0 
t t 
0 
Basal Edge 
Fig 1.5: Schematic representation of chemical functionalities at edge plane of pyrolytic 
graphite. 
Carbon exists in a variety of physical and chemical forms, e.g. , graphite single 
crystal (GSC), pyrolytic graphite (PG), highly oriented pyrolytic graphite (HOPG), 
glassy (vitreous) carbon, compacted polycrystalline structures of varying porosity 
(such as high density spectroscopic rods), powders, whiskers, fibers , yarn, cloth etc. 
Pyrolytic graphite may be described as random tangles of graphite stripes such that 
13 
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each exposed surface exhibits a mixture of basal and edge plane characteristics (Fig 
1.5). An uninterrupted basal plane surface is non-ionic, with low polarity, 
hydrophobic, and rich in n-electron density. A low population of chemical 
functionalities is likely concentrated along the surface imperfections exposing the 
edge plane48 Under normal conditions the basal plane is barren to synthetic coupling 
reactions. On the other hand, the high n-electron density is conductive to strong 
chemisorptive interactions, especially with unsaturated compounds.48 Usually, the 
portion of edge and basal plane characteristics exposed on a surface depends on the 
pre-treatment steps. For example, mechanical polishing of the basal plane ofPG will 
expose edge plane sites while polished edge plane surfaces will display some basal 
plane areas if structural folding of the graphitic sheets occurs during polishing.48 The 
useful carboxylic acid and hydroxyl groups on the edge plane can be enhanced by 
some proposed chemical pre-treatment procedures such as heating in air (at 400-500 
0C),49'S2 or treatment in radio frequency oxygen plasma52 Whichever procedure used 
for the pre-treatment leaves the surface oxidized. Upon activation, it is possible to 
attach electroactive species on carbon electrodes. For instance, Lennox and Murray50 
demonstrated that tetraaminoporphyrins could be attached on thermally oxidised 
glassy carbon electrode using thionyl choride as activator. 
1.2.3 Frontier Orbitals and Redox Potentials. 
The electrode materials used in electrochemistry are made of metals, or metal-
like (semiconductor) materials in which there is a continuous band of energy which 
electrons can occupy. The analogous energy level to the highest occupied molecular 
orbital (HOMO), in a molecule (e.g. a metallophthalocyanine (MPc) molecule), is 
called the Fermi level in a metal. All the energy levels below the Fermi level are 
14 
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occupied at 0 K. If a negative potential is applied to the electrode, the Fermi level 
moves to higher energy and is able to reduce a molecule in its vicinity. On the other 
hand, if a positive potential is applied, the Fermi level moves to lower energy so that 
the metal is able to accept electrons from the molecule in solution (i.e . can oxidize the 
molecule) (Fig. 1.6). For a reversible system, at equilibrium, the rates of the forward 
and reverse electron transfer must be equal, suggesting that the distribution functions 
for the oxidized and reduced species are situated symmetrically about the Fermi 
energy in the metal. 
E 
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Fig. 1.6: Energy level diagram for metal (electrode), semiconductor and redox active (MPc) 
system . CB = conduction band, VB = valence band, EF = Fermi level, LUMO = lowest 
unoccupied molecular orbital. 
1.2.4 Surface Confined Processes 
It is vital to investigate the electrochemical manifestations of molecules 
attached to electrode surfaces so that the extent of success of an immobilization 
procedure could be ascertained. Some electrochemical experiments used in studying 
modified surfaces include cyclic voltammetry, differential pulse voltamrnetry (DPY), 
chronoamperometry and chronocoloumetry, chronopotentiometry, coulosatics, AC 
15 
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voltammetry and measurement of electron-trans fer-mediated electrocatalysis 
(ETME). However, only a brief discussion on CV and ETME will be highlighted in 
this work. An electrochemical experiment may give cyclic voltammetric results that 
are not expected for electrode reactions in which the reactants and products are freely 
soluble in the electrolyte solution. In such situations the voltammogram could be a 
good indication that some surface processes may be involved. Some surface 
processes include adsorplion, deposilion process, and passivalion. 
1.2.4.1 Adsorbed Species 
The most interesting and most studied electrode-surface-immobilized 
chemicals are those that are electrochemically reactive 53 If the molecular attachment 
scheme is such that the immobilized substance can (directly or indirectly) exchange 
electrons with the electrode surface, the electrode displays electrochemical responses 
for oxidation or reduction of the substance (Fig. 1.7). 
Solution + supporting electrolyte 
R 
Fig 1.7: A representation of the interfacial electrochemical transformations of immobilized 
electroactive species. Where 0 and R are the oxidized and reduced form s of the immobilized 
molecule and the wiggle link between the electrode and 0 and R represents the link between 
the immobilized species and the electrode. 
The simplest case of an electrode reaction involving adsorption is where the 
adsorbed forms of 0 and Rare electro active in the potential range under 
investigation, giving a cyclic voltammogram shown in Fig 1.8. The reasons for the 
16 
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observed shape of the voltammograms (Fig 1.8) include the fact that the reduction 
potential of the adsorbed 0 is shifted more positive of the reduction potential of 
dissolved O. The analysis of such a system is very straightforward as mass transport 
effects can be ignored 53 The quantities that are of interest in CV experiments for the 
electrode reaction above are schematically illustrated in Fig 1.8. 
Q/nFA = r 
.. EF\VHM 
I +E 
Fig 1.8: Theoretical cyclic voltammogram for the reduction of adsorbed 0 and 
reoxidation of the product where the free enerfies of adsorption of 0 and R are equal 
and adsorption follows a Langmuir isotherm . . 54 EFWHM = potential corresponding to 
full -width at half maximum, EO' = (Epa + Epe)/2; r = total electroactive coverage (i.e. 
r 0 + r 10 and EO' = EFwHM. All other symbols are as described before (see list of 
symbols). 
For this reversible system, a direct proportionality exists between Ip and the 
scan rate, u. Also shapes of the cathodic and anodic waves are identical , ilEp = Epe -
Epa = 0 and EFwHM = 90.6/n m V. The most sensitive criterion for rapid kinetics in the 
electron transfer process for adsorbed species is that ilEp '" 0 irrespective of the scan 
rate. 
The major differences (compared to a voltammogram for a reaction in which 
both 0 and R are dissolved in solution) are that the peaks are sharp and symmetrical, 
the current rising from zero and then falling back to zero on the reverse scan. and as 
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mentioned above, there is little or no peak separation (i.e. tlEp ;::: 0). The symmetrical 
shape of the peaks arises because of the fixed amount of the reactant (i.e. only 0 on 
the surface of the electrode at the start of the sweep can be reduced). The actual value 
of Ip, Ep, and the peak width all depend on the type of adsorption isotherm involved 
and the relative strengths of adsorption of 0 and R. The area under the cathodic or 
anodic peak, Q, corresponds to the charge associated with the reduction or oxidation 
of the adsorbed layer of 0 and this enables the surface concentration of 0 to be 
determined by Equation 1.10: 
Q 10 =-
nF 
1.10 
For non-Nemstian (adsorbed) systems the shapes of the cyclic voltammogram 
change. For irreversible systems, the forward peak is not symmetric and there is no 
reverse peak. For a quasi-reversible system there is an asymmetrical reverse peak and 
the peak potentials are not coincident.8.55-56 
1.2.4.2 Deposition process 
Fig. 1.9 depicts the cyclic voltammogram observed for the deposition of 
metals, or other phases from dilute solution onto a foreign substrate, e.g. Hg on 
carbon. The forward peak (deposition) is similar to voltammograms observed for a 
process involving only solution soluble species, except that the leading edge is 
slightly steeper. The major differences are seen upon sweep reversal. The current 
trace crosses over the forward sweep (at Ee, Fig 1.9), whilst the reverse peak is sharp 
and symmetrical. The shape of the reverse wave is explained by the fact that the 
reacting material is deposited on the electrode and therefore does not need to diffuse 
there in order to react. It thus behaves like an adsorbed species. 
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Fig 1.9: Typical cyc lic voltammogram for a metal deposition reaction exhibiting a nucleation 
over potential' The dashed arrows show the direction of scan. 
This process is a prerequisite for the growth of metal on an electrode, which is 
favoured by the thermodynamically stable nuclei on the electrode surface. Usually 
nucleation overpotential on the first sweep is generally greater than that on the second 
and subsequent sweeps8 
1.3 Modified Electrodes 
An electrode is an electronic conductor in contact with an ionic conductor, the 
electrolyte. A drawback in all electroanalytical methods is an intrinsic lack of 
substrate selectivity because many substrates, notably biologically active speCIes, 
have similar redox potentials and many are difficult to discern because of Nernstian 
irreversibility and adsorption effects on solid electrodes58 This problem has been 
successfully solved using ion-selective electrodes and other types of substrate 
selective membrane59-62 Chemically modified electrodes can be designed to have 
versatile properties and they have attracted wide interest, in recent years, in analytical 
chemistry. Polymer layers on electrodes can serve several purposes namely: (a) as 
preconcentration medium, (b) acting as class specific redox catalyst or (c) as substrate 
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selective layer6 3 Basically the main interest in chemically modified electrodes stems 
from the various possible applications in which these materials could be used. Of 
primary interest is the quest for electrocatalysis. For example, an electrode made of 
an inexpensive and rugged material that could reduce oxygen to water effectively (and 
efficiently) at a potential near the thermodynamic value would find wide use in fuel 
cells, batteries, and other electrochemical systems38,64,65 Electrochromic devices such 
as displays or "smart" windows and mirrors can be made from modified electrodes 
involving materials that change color upon oxidation and reduction.66-69 In recent 
years the search for electrochemical systems capable of mimicking the behavior of 
diodes, transistors and electrical networks (molecular electronic devices) has 
intensified.7o-72 
Modified electrodes can be prepared in different several ways. These include 
irreversible adsorption, covalent attachment of a monolayer and coating the electrode 
(substrate) with films of polymers or other materials. There has been a lot ofresearch 
on the methods of preparation, characterization and electrochemical behaviour of 
these chemically modified electrodes. 73-79 The strong and frequently irreversible, 
adsorption of species at electrode surfaces will often change the electrochemical 
behaviour of an electrode3 .J8 Electrode modification can also result in increase in 
electron transfer rates at the resulting electrode surface compared with the bare 
electrode8o Redox reaction at bare electrodes usually involves slow electron transfer 
kinetics and therefore occurs at an appreciable rate only at potentials higher than its 
thermodynamic redox potential. Such reactions can be catalyzed by immobilizing 
suitable electron-transfer mediators on the electrode surfaces38 Chemically modified 
electrodes incorporating transition metal complexes provide strategies for improving 
the performance of solid electrodes by incorporating catalytic sites at the 
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electrode/solution interfaces63,81 The metallic redox couples present m the 
macrocyc1e have an oxidative (or reductive) capability that promotes the indirect 
electrooxidation (or electroreduction) of organic compounds. Thus, 
metalloporphyrins (MPs), metallophthalocyanines (MPcs), metal Schiff bases and 
metal tetraazamacrocyclic complexes, among others, have been immobilized on 
different electrode surfaces and these have shown catalytic activities for a great 
number of electrode reactions82 
1.3.1 Polymer Modified Electrodes 
Background 011 Conductillg Organic Polymers 
Conducting organic polymers (COPs) have the unusual property of possessing 
high electrical conductivity, and can exhibit a range of properties from semi 
conductivity to near metallic behaviour. The major interest shown by electrochemists 
in these materials is based on the utilization of the properties possessed by organic 
conducting polymers in fabrication of potential electrode materials. The current 
interest in COPs began in the 1970s when it was found that the electrical properties of 
polyacetylene, a semiconductor when pristine, could be radically altered by treating it 
with an oxidizing agent such as iodine83 Research devoted to gas sensors is based on 
the conducting properties of metallophthalocyanine (MPc) films84-86 For example the 
semiconducting properties of nickel phthalocyanine (NiP c) has been employed for 
building field-effect transistors for the detection of ozone in air. 87-89 
Three major electrochemical areas are considered when studying COPS:83 
I. the electrochemistry of the materials themselves (i.e. doping reactions, 
intercalation etc), 
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2. the electrochemistry occurnng at the electrodes made from or coated with 
these materials (e.g. the electrochemistry of couples such as 
ferrocene/ferrocinium at COP electrodes and electrocatalytic properties of the 
electrodes), 
3. Structural and morphological study of the materials may also be considered 
since this has a significant effect both on the electrical and electrochemical 
properties of the polymer electrodes. 
The conducting (charge carrier) properties of conjugated polymers arise from 
the doping process occurring during the synthesis of the polymer from the monomer. 
Doping occurs when the oxidation (or reduction) state of conjugated polymers, (CPs), 
is altered with a concomitant change in the electronic properties of the material (e.g. 
to increase their conductivity). Doping reaction is essentially a charge transfer 
reaction resulting in the partial oxidation or reduction of the polymer.83 When a CP is 
partially oxidized, the resulting polymer is termed 'p-doped'. It involves the removal 
of electrons from the monomer units as shown in Equation 1.11: 
(Monomer unit)x --+ [(Monomer unit)Y+)x + xye- 1.11 
n-doping occurs when there is a partial reduction of the polymeric material (Equation 
1.12): 
(Monomer unit)x + xye- --+ [(Monomer unit)Y-lx 1.12 
Doping process can be achieved with gas phase reagents such as AsFs and h, 
solution species such as FeCh and electrochemical oxidation and reduction. 
Electrochemical doping is fast becoming the preferred technique in many applications 
as it provides a potentially highly controllable and reproducible result with accurately 
22 
Chapter One Introduction 
monitored and regulated transfer of charge. Electrochemical doping is conveniently 
achieved in the presence of an electrolyte serving as the source of counter ion.83 
1.3.1.1 Methods of Polymer Formation on Electrode Surfaces 
The following techniques have been used to modify electrode surfaces with 
polymers. 
a. Dip Coating 
The electrode is exposed to a dilute solution of the polymer for some 
time, during which an adsorbed polymer film forms on the electrode surface. 
The polymer may already contain the redox moiety or may be bound 
subsequently to the film 9o•93 
h. Spin Coating 
This technique has been used for a series of preformed redox polymers. 
It involves the evaporation of a few drops of a large number of mono layers of 
the polymer (in solution) on an electrode surface by rotating at high speed 
using centrifugal force. The films obtained in this technique are usually 
pinhole free. 94.96 The simplicity of spin coating has been extended to 
metaliophthalocyanine-type polymer derivatives96,97 
c. Droplet Evaporation 
This involves spreading and evaporating a few micro litres of a dilute 
solution of a polymer on the electrode surface, Films formed from this manner 
can be topologically rough, but can be improved by spinning the solution off 
or removing it only after partial evaporation93.97.100 
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d. Oxidative or Reductive Deposition 
This is based on the solubility of the polymer as a function of its ionic 
state, which can be changed by oxidation or reduction. It is also known as 
electro less deposition. The method has been used to deposit polyvinyl 
ferrocene films from C}hCb solutions, oxidizing the polymer to its less 
soluble (and more absorbable) ferrocenium form. IOI -IM 
e. Composite 
It is obtained by mixing a polymeric chemical modifier (e.g. 
metallophthalocyanine) with an electrode matrix (e.g. activated carbon) to 
form a carbon paste eleclrode] 05-109 The constituents retain their identity such 
that they can be physically identified. 
f RF Plasma Polymerization 
The polymeric material is formed by exposing vapours of monomers to 
a radio-frequency (RF) plasma discharge. Upon exposure to air, plasma films 
typically take up oxygen and other unknown functionalities as a result of 
chemical damage in the RF discharge] 10-113 
g. Electrochemical Polymerization 
A solution of monomer is oxidized (as with phenols, I 14 anilines, 115,11 6 
pyrroleI1 7-120) or reduced (as with activated carbon 121-123), to intermediates that 
polymerize sufficiently rapidly so as to form a polymer directly on the 
electrode. To grow films of sufficient thickness, the polymer film must be 
redox active and capable of electrocatalytically oxidizing or reducing fresh 
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monomer, or the polymer film must be permeable (which is rarely the case) to 
fresh monomer. Otherwise electrode passivation soon occurs and film growth 
is prevented. In most cases the electrochemical polymerization is performed 
under potentiodynamic conditions (e.g. cyclic voltammetry) in such a way that 
the potential window for the experiment must be within the oxidation or 
reduction potential of the polymerizable moiety of the monomer. The increase 
in the peak current (and formation of new peak in some cases) is usually 
indicative of the growth of the polymer on the electrode as voltammetric scans 
continue. 
Electropolymerization, like the well-known radical polymerization is a chain 
process. While the growing end groups in radical polymerization are electrically 
neutral, they are charged in electropolymerization. During synthesis, charge transfer 
also takes place. The polymerizing systems are electrically neutral. Hence some 
negatively charged ions are present in cationically polymerized systems, while 
positively charged ions are present in anionically grown species. Many 
electropolymerization processes are conducted in solutions containing supporting 
electrolytes to provide the anions or cations. The participation of these counter-ions 
makes this polymerization intrinsically more complex than radical polymerization. 
Conducting and semi-conducting phthalocyanine polymers can be synthesized and 
deposited onto a conductive surface of a given substrate from monomer solutions by 
electrochemical polymerization. The advantage of electropolymerization is that 
precise film thickness and rate of film deposition can be maintained by varying the 
potential/current conditions of the working electrode. Use of this method yields a 
high-quality thin film and has great prospects in biosensing.124-126 Polymerization of 
MPc has mainly been induced electrochemically. 
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1.3.1.2 Mechanism of Polymer Formation on Electrode Surfaces 
Considerable work devoted to a better understanding of the role played by 
various experimental parameters, towards the growth of various conducting polymers 
such as polyaniline, polypyrrole, polythiophene and polyfluorines have been 
d 54 127·134 C' d . I I b I I . d' . reporte . ' onJugate orgamc po ymers lave een great y exp Olte m vanous 
applications and a lot of effort has been devoted to their synthesis and the 
understanding of their physicochemical properties. 135·139 Polymer growth mechanism, 
kinetics of the polymerization reaction rate and related quantitative characteristics of 
polymerization of polypyrrole, poly thiophene, polyaniline, polyfluorine have been 
studied using cyclic voltanlffietry, electrochemical quartz crystal microbalance 
(EQCM) and spectroelectrochemical.14o.143 Electropolymerization of pyrrole and 
thiophene substituted metallophthalocyanine complexes (both of interest in this work) 
follow the same mechanism for the polymerization of the monomeric pyrroles and 
thiophene heterocycles. For tetraaminometallophthathocyanines (MTAPcs, also of 
interest in this work), the electropolymerization would be similar to the mechanistic 
pathway for the polymerization of anilines to form polyaniline. The overall 
mechanism for anodic polymerization of metallophthalocyanine complexes, 
containing pyrrole, thiophene and amino substituents follows a similar pattern as 
indicated in Scheme 1.1: 
The generally accepted mechanism of polymerization of heterocyclic 
polymers follows the E(CE)n mechanism, (where E = electron transfer, C = chemical 
step).144.148 Scheme 1.2 (a) shows the proposed mechanistic pathway for the 
electropolymerization of pyrrole functionalized macrocyclic complexes on solid 
electrodes. The first step is suggested to involve the electrochemical oxidation of the 
monomer (A) to a delocalized radical cation (B to E) (Step I, Scheme 1.2 (a». The 
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delocalized radical cation has the highest spin density at the a-position so that (E) is 
the most stable radical cation out of the possible resonance forms ([C) , [D] and [ED 
(Scheme J.2 (a».147 
o 
N 
1 
X 
o s 
X 
X-NH, 
Oxidation 
Polypyrrole Pc 
+ 
Ox idation 
A· 
n Poly thiophene Pc 
Oxidation 
A· 
Polyamino Pc 
Scheme 1.1: Examples of polymers formed from monomers by electrooxidation. A·= counter 
ion from electrolyte, X = Pc macrocycle. 
The second step is the dimerization of the monomer radicals via a radical-
radical coupling at the a-positions (or between the radical and A) (Steps II and III) . 
The radical-radical coupling is then followed by the expulsion of two H+ ions 
affording the neutral dimer (Step IV). This dimerization process is facilitated by the 
return to aromaticity. Chain extension is achieved via oxidation of the neutral dimer 
(or ol igomer) to form the radical, (Step V) that combines chemically with other 
monomer, dimer or oligomer radicals to form a further extended polymer radical 
(Step VI). The return to aromaticity similar to step IV is repeated in step VII through 
the loss of two W ions. It is accepted that the chemical coupling/electrochemical 
oxidation process repeats itself until the chain growth is terminated; hence the 
mechanism is represented as an E(CE)n mechanism. 
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~ ste~ II 
~NH 
 +H+ 
H 
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.~ Step III 
n~N=N~ uV ~R+2H'+2e-
Scheme 1.2: Proposed mechanistic pathway for the electro polymerization of (a) pyrrole 
function ali zed macro cyclic complexes and (b) MTAPc complexl49 R = the rest of Ihe MPc 
macrocyc1e. 
John and Wallace '50 showed that critical chain lengths of the oligomeric 
intermediates were required for precipitation to occur at the electrode surface. Their 
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work also showed that nucleation followed by the precipitation on top of the 
polymeric nuclei was favored since the monomers/oligomers in solution are more 
readily oxidized at the polymer surface than at the bare substrate, the same way as in 
metal deposition. 
The electropolymerization of tetraarninometallophthalocyanine complex follows 
the mechanism depicted in Scheme 1.2b. The polymerization process occurs via the 
oxidation of the (Step I) followed by the N-N oxidative coupling of the monomers 
(Step III) after the loss of a proton from the radical cation (Step II). Again the driving 
force to the stability and hence the formation of oligomers and polymers from the 
radicals is the desire to return to aromaticity. The following experimental variables 
govern the polymer growth mechanismJ50 
I. the nature of monomer employed, in particular its solubility. 
11. nature of the counter ion employed and the ability to form an insoluble 
polymer salt, 
111. the polymerization solvent. The monomer should have an oxidation 
potential which is accessible via a suitable solvent system, 
IV. electrode nature and size: large surfaces provide greater probability of 
higher energy point on the electrode, 
v. the monomer must produce radical cations which react more quickly with 
other monomers to form the polymer, than with other nucleophiles in 
electrolyte solution, 
VI. the monomer should produce a polymer with a lower oxidation potential 
than that of the monomer if the material is to be produced in a state that 
has a higher conductivity. 
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1.3.2 Self-Assembled Monolayers 
Molecular Self-assembly encompasses phenomena whereby small chemical 
units are introduced into an environment, reach an equilibrium state, and produce 
much larger-scale structures and patterns by the spontaneous formation 2 Self-
assembly strongly mimics natllral mechanisms that form stable and complex 
architectures from simple building blocks. 
Chemisorption (or chemical adsorption) is adsorption in which the forces 
involved are valence forces. It is an irreversible adsorption of electroactive substances 
on electrode surfaces through a covalent bond-like interaction7 4,151 .153 It involves the 
formation of strong chemical bonds between adsorbate molecules and specific surface 
locations known as chemically active sites. 
Common examples of self-assembled chemical structures include liquid 
crystals, self-assembled monolayers (SAMs), organization of lipids into micelles and 
membrane vesicles, block copolymer micro phase separation, and polymers adsorbed 
onto surfaces m layers. SAMs of alkanethiols and thiol substituted 
h h 1 . 96154·160 ( Id) fi . I . h' h h . . pta ocyanmes ' on go orm orgamc ayers m w IC t elr properties are 
largely controlled by the end groups of the molecules comprising the films . SAMs 
provide a unique link between the science of organic surfaces and technologies that 
seek to exploit their adaptable character. SAMs exhibit a type of collective order 
dominated by end-group packing that overwhelms the substrate topography and 
generates interfaces with a higher degree of perfection. For exanlple it has been 
shown that SAMs with an alkane chain length of 12 or more methylene units form 
well-ordered and dense monolayers on Au(J 11) surfaces. The thiols are believed to 
attach primarily to the threefold hollow sites of the gold surface, losing the proton in 
the process and forming an overlayer structure (Fig 1.10). 
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0= IC=<' ===:J =Au 
C···) = S ,0 = Alkyl chain 
..... 
• = terminating functional group 
Fig 1.10: A schematic model of the over layer structure formed 
by alkanethiolate SAMs on Au(lll). 
The thiols and thiol substituted phthalocyanine molecules have been shown to 
readily form SAM films on gold surfaces with thickness ranging from 100 nm to 500 
nm depending on the length of the CH2 chain (either in alkane thiols or thiol 
substituted phthalocyanines). \S7·161 The thiol molecules adsorb readily from solution 
onto the gold, creating a dense monolayer with the tail group pointing outwards from 
the surface. By using thiol molecules with different tail groups, the resulting chemical 
surface functionality can be varied within wide limits. 
Depending on chain length and chain-terminating group, various super lattice 
structures are superimposed on the over layer structure. The most commonly seen 
super lattice is the c( 4 x2) reconstruction, (Fig 1.1 0), where the four alkanethiolate 
molecules of a unit cell display slightly different orientations when compared with 
each other. 
1.3.2.1 Preparation of SAMs 
Different solvents may be employed for the preparation of SAMs. The nature 
and composition of the SAM is directly related to the solvent and deposition 
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solution.162.163 The most commonly used solvent is ethanol because of its ability to 
reduce gold oxide and ease of evaporation. However the use of ethanol is limited by 
the lack of solubility of thiols. Although, a SAM can form very rapidly on the 
substrate, it is useful to employ adsorption times of 15 h or more to obtain well-
ordered, defect-free SAMs. Multilayers do not fonn , and adsorption times of two to 
three days are optimal in forming highest-quality monolayers. 
As mentioned above, the tail group that provides the functionality of the SAM 
can be widely varied. CH3-terminated thiols are commercially available; other 
functional groups can be synthesized, providing almost infinite possibilities of 
variation. In addition, chemical modification of the tail group is entirely possible 
after formation of the SAM, expanding the available range of functionalities even 
further. Examples of some reported functionalities include: 164·166 -CHJ, -OH, -
(C=O)OCH3, -O(C=O)CHJ, -O(C=O)CFJ, -O(C=O)C6H5, -COOH, -OS03H, -Cl, 
MP 96154-1 56 158-1 60 SAM 1 b d b he' f cS. ' · s can a so e prepare y t e 10mlatIOn 0 two-component 
molecular gradients, as first described by Liedberg and Tengvall. 167 
1.3.2.2 Characterization of SAMs 
SAMs have been thoroughly characterized using different surface analytical 
tools. Among the most frequently used techniques are FT-Raman and infrared 
spectroscopy,157.1 66 ellipsometry, study of wetting by different liquids,168 x-ray 
photoelectron spectroscopy,169 electrochemistry,164,169.172 and scanning-probe 
173 
measurements. 
Electrochemical techniques, particularly cyclic voltammetry have been 
employed to investigate the integrity of SAMs on gold electrodes. Since the 
chemisorbed species in SAMs are surface confined, the results obtained from cyclic 
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voltammetric experiments are similar to that described in Sections 1.2.4.1 and 1.2.4.2 
such that Ip is defined by equation 1.13 ) 63 
n'F'Arv 1=---
p 4RT 1.13 
where A = surface area of the electrode (cm\ r = total surface coverage by 
electroactive species and all other symbols have their usual meaning (see list of 
symbols) . 
1.3.3 Monolayer Annealing 
The influence of surface orientation of orgamc molecules has received 
. . .. 16J71 4· 178 Th I I·· I h· tncreastng attentIOn tn recent years.' erma annea tng tnVO ves eattng a 
deposited molecule (e.g. on an electrode) such that the metastable disordered state of 
the molecules can be reconstructed. 162 The reconstruction can also be achieved using 
electrochemical method by repeatedly cycling the adsorbed layer under 
potentiodynamics conditions such as cyclic voltammetry. It is believed that this 
approach helps to improve the surface properties of the adsorbed layer (such as 
reducing the interfacial capacitance, pinhole area and defects) by changing the 
structural orientation and molecular transition within the adsorbed layer. I 79 
1.3.4 Electrocatalysis at Modified Electrodes 
When an electrode is coated with a monomer or conducting polymer film, the 
following modes of reaction of electroactive solutes are possible: (I) reaction at the 
film-solution interface via electronic conduction, (2) diffusion through pores and 
channels to react at the electrode-film interface and (3) electron transfer mediation by 
the film (electrocatalysis). 180 
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Electrocatalysis occurs when the surface of an electrode acts both as a source 
of electrons and as a reaction site. It is the study of how reactions may be accelerated 
at electrode surfaces. The process usually requires the surface of the electrode to be 
modified, in some way, for there to be a mediating molecule close to the electrode or 
in solution. Electrocatalysis at a modified electrode is ordinari ly a mediation of 
e lectron transfer, by the immobilized electroactive species (the O/R couple), between 
the electrode and a substrate (S) (Scheme \.3 ) which would otherwise undergo a slow 
electrochemical reaction at an unmodified electrode. 
- e- o 
R 
t-eterogeroos hal 1OgElra.JS 
reOOx reactioo 
----;~~ Prcd ds(s) 
Scheme l.3: Schematic representation of a mediated electrocatalysis. 
If the rate of mediated reaction is fast, and the rate of reduction of 0 faster, 
the substrate becomes reduced at a potential near that of O/R formal potential, EO' (i,e. 
formal potential of the surface confined redox mediator). The catalysis of the rate of 
electrode reaction of a dissolved substrate by an electrode bearing an immobilized 
redox species (Scheme 1.3) accounts fo r most of the recent interest in modified 
electrodes, 91, 180·19 1 
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1.4 Chemistry of Metallophthalocyanines 
Since the serendipitous discovery and identification of phthalocyanines (Pcs) in the 
early 1900S,I92-196 they have been extensively used as dyes and pigments in paints, 
textiles, biomedical materials and paper industries. In 1934, Linstead 193 deduced the 
complex macro cyclic structure and coined the name phthalocyanine (phthalo from 
naphtha (meaning oil) and cyanine meaning blue). The areas of application of 
phthalocyanine owe credit to the intense blue-green coloration, high dyeing power, 
photostability, insolubility in most solvents and their chemical inertness. 197 The 
structure of phthalocyanines was first confirmed by Robertson 194-196 using X-ray 
crystallography. Most of the applications of Pcs are concerned with the large, flat 1[-
conjugation system, as well as with the type of central metal of the macro cycle. 
The unique chemical properties of Pcs have been extensively exploited in their 
use as electrocatalysts and photocatalysts. Only a few members of this class of 
compounds have both electrocatalytic and photocatalytic properties. Electrocatalytic 
properties of MPcs are related to the central metal in that mainly electroactive metals 
have been found to efficiently catalyse electrochemical reactions. On the other hand, 
photocatalysis requires diamagnetic metal centres that are not electro active and do not 
rapidly quench the metastable excited state, since the existence of a transient but 
relatively long-lived excited state is vital in photocatalysis. Such a metastable state 
could be rapidly "quenched" in the presence of features that promote charge (electron) 
transfer. 
1.4.1 Structure and Naming of Phthalocyanines 
Phthalocyanine (Pc) molecule is a macrocycle derived from tetraazaporphyrin 
by fusion with four benzene units. The phthalocyanine molecule contains four 
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isoindole groups; linked by four nitrogen atoms to fonn a symmetrical 18n electron 
conjugated aromatic macro cycle, which is related to the naturally occurring 
porphyrin. Pc (1) is known systematically as tetraazatetrabenzoporphyrin (Fig. 1.11). 
There are sixteen hydrogen atoms on the outer benzene ring (Fig. 1.11) that can be 
substituted. Substitution at positions 2, 3, 9, 10, 16, 17, 23 or 24 is referred to as 
peripheral , while substitution at positions I , 4, 8, II , IS , 18, 22 or 25 is non-
peripheral. It is usually simpler to refer to these positions in the nomenclature of the 
compound. In the presence of a metal salt metallophthalocyanines (MPc, 2) is 
fonned. Pc is structurally related to other synthetic porphyrins analogues such as 
tetraphenylporphyrin (3 , TPP), porphyrin (4), tetrabenzoporphyrin (5, TBP) and 
tetraazaporphyrin (6, TAP) (Fig. 1.12). 
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Metallophthalocyanine (MPc) 
(2) 
Fig 1.12: Numbermg scheme of a phthalocyanine system. 
MPcs are relatively small planar molecules containing 56 atoms (per 
molecule) in an arrangement with D 4h symmetry. The closed inner system consists of 
16 carbon and 8 nitrogen atoms with great stabili ty I98-200 The Pc ring itself can be 
symmetric. Perturbations to the geometry from D4h to C4v of the central metal due to 
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axial ligands or solvents, and the size effects of different central metals have been 
extens ively studied. 
Phthalocyanine (1) Tetraphenyl porphyrin (3) 
Porphyrin (4) 
Tetrabenzoporphyrin (5) Tetraazaporphyrin (6) 
Fig. 1. 12: Representative sketch of phthalocyanine and some related molecules. 
1.4.2 Electronic Structure and Spectroscopy of Metal 
Phthalocyanines 
A major interest in metallophthalocyanines and related macrocycles arise from 
a combination of their intense coloration and their diverse redox chemistry, properties 
that are associated with both the heteroatomic n-systems of the Pc ligand and the 
central metal. UV-Visible absorption and associated magnetic circular dichroism 
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(MCD) spectra provide direct information about energies and degeneracies of the 
states that are responsible for the major spectral bands in the UV-Visible and near IR 
spectral region. 197 
Fig 1.13 shows the origin of the UV-Visible spectrum as presented by 
Gouterman's 4-orbitallinear combination of atomic orbitals modeL 
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Fig. 1.13: Molecular orbital diagram of the x-system of an ideal 16 atom, 18 x-electron 
system showing the origin of the Q and B bands in Gouterman's 4-orbitall inear combination 
of atomic orbitals model. 
The UV-Visible spectrum of un substituted metallophthalocyanines (MPcs) is 
typified by a Q band near 670 filll (Fig 1.14) with extinction coefficients greater than 
105 L morl cm· l, originating from al u -> eg (71: -> 71:*) (Fig 1.13), in addition to a series 
of vibrational bands (Fig. 1.14). The Soret band of MPcs results from a 
superimposition of two bands BI and B2 (Figs 1.14) in the 350 run regions in the 
b f . 11' d 201·205 Thr h . h . . h' h a sence 0 strong aXla Igan s. ee ot er hlg -energy transltlons w IC may 
be observed below 300 run in the ground state electronic absorption spectra of 
diamagnetic MPcs such as ZnPc and MgPc,206 are referred to as N, Land C bands 
(with increasing order of energy). The non-bonding electrons on the azomethine 
nitrogens of the Pc macrocycle in MPcs also contribute to the observed spectra. The n 
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orbitals are very close (in energy), to the 1t orbitals (highest occupied molecular 
orbital, HOMO) and consequently, the n~1t' transitions are expected to be coupled 
with 1t~1t* transition. Huang et al. 207,208 have suggested that the band around 605 nm 
in the optical spectra of MPcs may have a partial contribution from the n~1t* 
transition. 
The band around 500 nm (usually observed in some transition metal MPcs) is 
characterized as charge transfer transition ,199,200 from metal to ligand (MLCT) or from 
ligand to metal (LMCT). 
Q> 
" 
" <Il 
.c 
~ 
o 
"' .c q: 
Sore! (8-) band 
300 400 
(Vibronic bands) 
.. 
500 600 
Wavelength I nm 
<lo,·band 
700 
Fig. 1.14: Typical room temperature electronic absorption spectrum of MPc· l . 
1.4.3 Electrochemistry of Phthalocyanines 
800 
The electrochemistry of phthalocyanines did not receive much attention as did 
the parent compound, (the porphyrins), owing to the influence of poor so lubility and 
purity of phthalocyanine on their physicochemical studies209 Since the development 
of substituted phthalocyanines with more fine-tuned molecular properties, and with 
increased solubil ity and purity, electrochemistry of phthalocyanines has gained 
increasing interest. Most electrochemical techniques require solution concentrations 
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ranging from 10-4 to 10-3 M. Non-aqueous solvents are often employed. Otherwise, 
specially synthesized water soluble MPcs are employed. As is the case for porphyrins 
and metalloporphyrins,2lO the electrochemistry of Pcs and MPcs in nonaqueous media 
occurs at different cites depending on the nature of the Pc. The redox activity of the 
Pc ring is directly linked with the frontier orbitals (i.e. HOMO) and lowest 
unoccupied molecular orbital (LUMO)) in the molecule. Oxidation is the removal of 
electron(s) from the HOMO while reduction is the addition of electron(s) to the 
LUMO. The Pc skeleton exists as a dianion, Pc-2, so that successive removal of up to 
two electrons from the HOMO (atu) results in the formation of Pc(-I) and Pc(O), 
respectively. In a similar manner, the successive addition of up to four electrons to 
the LUMO (eg) results in the formation ofPc·3, Pc-\ Pc-s and Pc-6 
In non-aqueous media, free base (Pcs without a central metal) and MPcs with 
"inactive" metals (eg Zn2+, Mg2+) usually undergo up to two reversible single electron 
oxidations leading to the corresponding 1t-cation radicals and dications, and up to four 
reversible single electron reductions, yielding 1t-anion radical (for first reduction) and 
dianions (for second reduction). The metal centered redox processes are also 
observed for a number ofMPcs containing electro-active metals. For MPcs containing 
electro active metals, (e.g. Co, Fe, Mn, Cr), the reduction and oxidation of the central 
metal occurs before ring-based processes. For example, Scheme 1.4 shows the redox 
behaviour of cobalt phthalocyanine in coordinating and non-coordinating media. 
Coordinating media 
+e +e +e -e -e -e 
[Co'Pc-'] ~ [Co'Pc'l ~ [Cd Pc'] ~ [COli Pc''] ~[Co'II PC'] ~ [Co'"pC"] ~ [CO"i Pc"] 
Non coordinating 
+e +e +e -e -e -e 
[CdPc-'] ~ [Co'Pc'l ~ [Co' Pc'] ~ [COli Pc''] ~ lCo"pc" ] ~ [Co'"pC"] ~[Co'IIPc"] 
Scheme 1.4: Red ox behaviour of cobaltphthalocyanine in coordinating and non-coordinating 
media.209 
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Electron transfer to and from MPcs may involve reactions at an axially bound 
5th or 6th ligand. Specifically, such ligand-centred redox process may occur for (I) 
Pcs containing various bound oxo or peroxo groups, (2) Pcs containing bound 
catechol or thiol donor groups, (3) Pcs with bound diatomic molecules such as NO 
and O2, (4) Pcs containing a a-bonded alkyl or aryl group, and (5) bimetallic 
complexes where a metal-carbon unit is a-bonded to the MPc. Often, 
spectroelectrochemistry has been employed in assigning the redox processes of MPc 
complexes. The electrochemistry and spectroelectrochemistry of new pyrrole, 
thiophene and pyrimidin tetra substituted phthalocyanines containing cobalt, Iron, 
manganese, nickel and zinc are presented in this work (Fig l.IS). 
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R 
R R 
R 
M: R: Complex: 
Co, Fe, Mn, Ni, Zn 0-o-NO 7,8,9, 10,11 
o~lJ 12 Co 
N:) 
Co, Mn, Zn )l~ 13,14,15 
S N 
Co, Mn, Zn ~ o S 16,17,18 
Cr, Mn 19,20 
Fig 1.15: Structure of MPc complexes studied in this work. 
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1.4.4 Synthesis of Phthalocyanines 
1.4.4.1 Unsubstituted Phtha!ocyanines 
A variety of precursors (21-26, Fig 1.16) have been employed for synthesis of 
phthalocyanines. Phthalonitriles (22) are among the most useful Pc precursors, since 
they readily yield Pc complexes in good yields with most metals 211 The condensation 
of phthalonitriles often occurs upon heating in the presence of a metal ion source (e.g. 
metal halides) either as a melt of metal reagent or in a suitable high boiling solvent 
such as l-pentanol or similar alcohols in the presence of organic base such as 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU), piperidine or cyclohexylamine.212•214 
~OH Vy0H 
o 
Phthalic acid (21) 
~N" 
o 
Phthalimide (24) 
~CN 
~CN 
Phthalonitrile (22) 
Diiminoisoindoline (25) 
~o 
o 
Phthalic anhydride (23) 
~NH ~CN 
o-Cyanobenzamide (26) 
Fig. 1.16: Examples of some phthalocyanine precursors derived from o-dicarboxylic acid. 
Lithium metal has also been used instead of the above-mentioned organic 
bases to facilitate cyclotetramerization via the lithium pentanolate or lithium 
pentoxide route2 15,21 6 (Scheme 1.5). Cerium-induced cyclotetramerization of 
phthalonitriles has also been reported by Lee and Ng.217 
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I """ 1 , Li-pentano~ ROUCN 
a CN 2, metal salt 
(27) 
OR = H, for unsubstituted derivatives 
(28) 
Scheme 1.5: Synthesis of MPc using Li-pentanol to achieve cyclotetramerization.215 ,216 
As stated above Pcs formed from phthalonitriles are generally much cleaner 
than those obtained from other Pc precursors and are known to give best yields, 
typically in the range of 30-50% and some times 90%.218 On the other hand, synthesis 
using Pc precursors such as phthalic anhydride (23) and phthalimide (24) require the 
presence of nitrogen source such as urea and a catalyst such as ammonium molybdate 
or boric acid.219 The various 1,2-disubstituted benzene precursors used to obtain 
metallophthalocyanine are summarized in Scheme 1.6. 
For each of the methods, the reactants and conditions favour a 
cyclotetramerization of the precursor or its substituted derivative to fonn the 
phthalocyanine macrocycle220 As can be seen, the methods applied for the MPcs 
syntheses are not discrete as one type of precursor is often an intennediate in the 
cyclotetramerization reaction of another. 
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25 NH 
Introduction 
r(YCO,H 
~ 
"-, "~ 
MCN,lI (M = Cu) 
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Scheme 1.6: Scheme for the synthesis of metaUophthalocyanines. The dotted arrows indicate 
the connectivity between the precursors. DMEA = N,N-Dimethylethanolamine 
1.4.4.2 Ring Substituted Phtha[ocyanines 
Ring substituted Pcs are usually obtained by one of two basic routes. The first 
involves the direct substitution onto a pre-existing Pc as demonstrated in the case of 
sulphonation of Pcs that is accomplished by heating a Pc macro cycle in 0leum22l 
This approach generally results in complex isomeric mixtures and varying degrees of 
substitution with substituents added at any or all of the 16 available positions on the 
MPc (Fig. 1.11) . The major set-back in this approach is that the resulting Pc mixture 
lacks a distinct structure and isolation and purification of the desired product is 
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extremely difficult, thereby limiting the utility of this methodology in application 
requiring well-defined PCS.218,222 More often than not, Pc complexes are formed from 
precursors vIa a metal-templated cyclotetramerization reaction of the starting 
material(s), The addition of substituents to the Pcs in order to improve their 
properties is easier to control using appropriately substituted starting material rather 
than adding them to pre-existing macrocycles, 
Thus a second method of synthesizing ring substituted Pc involves 
condensation of substituted precursors (Scheme 1,5), The resulting Pcs in this 
methodology are purer in terms of degree of substitution. The basic positions of the 
substituents are easily predictable and in most cases are known precisely. For 
instance a 4,5-disubstituted phthalonitrile would condense to form 
2,3,9,IO,16,17,23,24-octasubstituted Pc. Mono substituted phthalonitriles at 4 or 5 
position condense to form constitutional isomers223-225 of the corresponding Pc: 
3,IO,17,24-(C4h); 3,10,16,24- (Cs); 3,9,16,24- (C2v); 3,9,17,23- (D2h) tetra substituted 
Pcs, Although isomeric mixtures may be desired for some applications, fields such as 
non-linear optics require distinct molecular geometries, As such, new synthetic 
protocols and specially designed Pc precursors for preparation of single isomers have 
been studied. While condensation of substituted precursors has certain drawbacks, it 
remains the preferred method for adding substituents to Pcs and as such, the syntheses 
of substituted precursors is a vital route in the preparation of new Pc derivatives with 
improved properties and chemical architecture.219 
Another major challenge facing Pc synthetic chemists is in the case of 
asymmetrically substituted Pcm synthesis for varying applications, Langmuir-
Blodget films for example require different substituents in order to achieve the 
molecular orientations necessary to ensure that transferred films have similar 
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orientation227-23o Pcs bearing amphiphillic moieties have shown high potency as 
photosensitizers for photodynamic therapy (PDT)no-234 The asymetrically substituted 
Pcs formed are rather difficult to isolate according to the constituent isomers. Column 
and high performance liquid chromatography (HPLC) can be used to isolate the 
desired substituted products in most cases, but often this is a very tedious task and is 
fraught with contamination with differently substituted PCS.235 
Different Pc precursors have been designed with the ultimate aim of 
improving yields of exclusively single isomer or tailored substitution pattern. Some 
degree of success has also been achieved using some polymer-supported precursors236 
and boron subphthalocyanine (29i37 (Fig 1.17). Subphthalocyanine (SubPc, 29), (Fig 
1.17) was first synthesized in 1972238 and has received attention as a precursor for 
MPc synthesis. 
SubPc (29) 
Fig. 1. 17: Structure of a subphthalocyanine. 
SubPcs can be synthesized by reacting phthalonitrile (22) with boron 
trichloride in 1-chloronaphthalene under reflux238.239 The major interest in the 
application of SubPcs in MPc syntheses is the need for asymmetrically substituted 
MPcs. When an unsubstituted SubPc is reacted with a substituted diiminoisoindoline 
or phthalonitrile molecule, different degrees of substitution on the resulting MPc are 
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achieved240 Symmetrically substituted Pc containing pyrrole, thiophene, pyrimidine 
and amino groups are reported in this work using phthalonitri le and phthalimide 
precursors. 
1.4.4.3 Synthesis of Substituted Phthalonitrile Precursors 
Phthalonitriles are usually synthesized from phthalic acid derivatives by 
stepwise progression through the anhydride, imide, diamide, and finally to the desired 
phthalonitrile. Many substituted phthalonitriles bearing versatile functional groups 
can be synthesized from relatively inexpensive commercially available starting 
materials (Scheme l.7). The routes employed to obtain 4,5-dichlorophthalonitrile 
(34) and 4-nitrophthalonitrile (37) are shown in Scheme l.7 (a and b)224)25,240 
Generally, the nitro group or the chloro group serves as the leaving groups while 
I h I h I h· I 2' 5 '4 t '4' '43 d . h b d h I h'l . a co 0 s, p eno s, t 10 S - .- ,- -,- an ammes ave een use as t e nuc eop I es m 
a nucleophilic aromatic substitution (SNl .. r) reaction mech~'1ism. 
Scheme l.8 shows the route employed to obtain modified phthalonitrile from 
4-nitrophthalonitrile (a) and 4,5-dichlorophthalonitrile (b). The conditions necessary 
for the substitution reactions are also indicated in the reaction Scheme, 
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(a) 
CI:o¢° I "" OH 
~ OH 
CI 
o 0 
Ac 0 CI~ HCONH, CI~ 
, .. I 0 .. I NH 
reflux 15hr CI ~ reflux / 3hr CI ~ 
o 0 
o 
4, 5-Di chi oro p h tha I ic 
acid (30) 
4,5-Dichlorophtha]i c 
anhydride (31) 
4,5-Dichlorophthalimide (32) 
NH,OH/ 
/ RT /4Bh r 
CtyyCN ~"'ES_O_C_I,t_D_M_F_ CI:o¢"" 0 NH, ~ 0-5°C /5hr; CI ~ NH, 
CI CN RT / 24hr 
o 
4,5-Dichtorophthalonitrile (34) 4,5-Dichtorophthalamide (33) 
(b) 
~'" 
o 
Phthalimide 
(24) 
o 
HSO o,N« 2~ I NH 
HNO, .0 
RT/12hr 0 
4-Nitrophthalimide 
(35) 
O,N'C(CONH, O,N'C(CN 
NH.oH I SOCI, I "" 
---lo"'~.o ----lo ... ~ 
RT / 4Bhr CONH, 0_5 0 C 15hr .0 CN 
4-Nitrophthalamide 
(36) 
RT / 24hr 
4-N itrop hth a I on itrile 
(37) 
Scheme 1.7: Route for the synthesis of (a), 4,5-dlch lorophthalonitrile and (b), 4-
n itrop hthal on itri Ie. 
a 
NC:crN02 
I + 
NC ,,-:;:; 
(37) 
b 
NCU
CI 
I + 
,,-:;:; 
NC CI 
(34) 
K2CO,lDMSO R10H (or R2SH) --=--"----31 .. ~ 
RTf 2-14 days 
K2C03IDMSO 
R10H (or R2SH) .. 
1-3hr, 90°C 
NC~R 
NC~ 
R = R10 or R2S 
NC~R 
NC~R 
R= R10 orR2S 
Scheme 1.8: Synthetic route for modification of 4-mtrophthalonitrile (a) and 4,5-
dichlorophtha lonitrile (b) 
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Both 3- and 4-nitrophthalonitrile are readily hydrogenated to the 
corresponding aminophthalonitrile in the presence of catalysts. Although halogens 
have been shown to be preferred leaving groups in certain SNAr reactions involving 
both N02 and Cl, the popularity of the N02 leaving group in terms of the preparation 
of mono substituted phthalonitri les is probably linked to the commercial availability 
of both the 3- and 4-nitrophthalonitrile and/or their facile synthesis via nitration of 
phthalimide (24) and subsequent conversion to the phthalonitrile Scheme 1.6b. 
1.4.4.4 Mechanistic Aspects of the Synthesis of Phthalocyanines 
The mechanism of condensation reaction involves a stepwise polymerization 
of Pc precursors or reactive intermediates followed by coordination of the central 
metal ion and rigid closure to the macrocycle. The mechanistic aspect of Pc formation 
is depicted in Scheme 1.8.218 The driving force of the ring closure is not only the 
template effect of the metal ion and the inherent stabilization implied by the 
coordination but also by the thermodynamic stabilization and added aromaticity 
involved in the formation of the Pc ring.219 
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~:: RCH,D ci--> 0:$ RCH,DH 
NH (Step I) OCH,R OCH,R 
(25) OCH,R + 
RCH,O 
(25) 
(Step II) 
2 x (25) 
Scheme 1.9: Mechanistic scheme for cyclotetramerization of phthalonitriles during 
synthesis of MPcs.218 
Up to 70 different metals can be placed in the central cavity of Pes whereby 
the choice of the cation can strongly influence the physical properties of the resulting 
MPc. Many metal ions (e.g. Cu2+, C02+, Fe2+) are held so tightly that they cannot be 
removed without destructing the macrocycle.245 Unlike their porphyrin analogues, 
which can be found as natural products, Pcs and MPcs are purely synthetic. 
1.4.5 Applications of Metal Phthalocyanines 
MPcs are widely used in industries in a variety of applications ranging from 
conventional dyes to catalysts or from coatings for read/write CD-RWs to anti-cancer 
agents.220 MPcs have been used as deodorants and as drugs for inactivation of 
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bacteria or viruses,246-248 and the ability to create different ring substituted MPcs, 
thereby adjusting the main band (Q band) position of Pc, has helped in preparing Pcs 
that are used in the surface of read/write compact di sks,220,249-2 51 Langmuir-Blodgett 
(LB) fil S 251 -254 1 nl , photodynamic therapy (PDT),231.247,255 dyes,193,256-259 
electrochemiluminescent di splays,260,261 for photocopiers and laser printers by 
xerography262 It has been suggested that cobalt phthalocyanine (CoPc) and cobalt 
porphyrin (CoP) may be suitable candidates for denitrification and as gas sensors 
owing to their ability to bind small molecules such as nitric oxide (NO) and 
oxygen263,264 Collman and coworkers265 demonstrated that stacks of MPc complexes 
can serve as good organic conductors. Moreover, MPcs have been employed as 
active ingredients in liquid crystal displays (LCDs), electronics, opto-electronics and 
i ono-el ectronics. 266-268 
The search for therapeutically effective, safe, cost-effective and socially 
acceptable microbicide in treatment and prevention of human immunodeficient virus 
(HIV) has led to scores of research papers being published in recent years, Of special 
interest is the fact that certain levels of success have been demonstrated in this area of 
research using phthalocyanines. For instance, Zmudzka and co-workers269 showed 
that silicon phthalocyanine SiPc) is effective in photosensitised decontamination of 
blood. Similarly Ben-Hur ef al270 showed that SiPc and red light caused apoptosis in 
HIV-infected cells. More recently, the inactivation of HIV by Pcs via processes that 
do not involve exposure to light has been reported 271 The study showed that the 
structure of MPcs plays a significant role in the efficacies of the MPcs against HIV-
IIIB, Sulphonated Pcs were the most promising class of MPcs for development of 
microbic ides to prevent HIV transmiss ion. Specific structural features, particularly 
central metal and the extent and placement of the sui phonic groups, also played a role 
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in determining the activity of these compounds. It was also shown that planar or near-
planar MPcs are more effective than MPcs with axial ligands , both in inhibition of 
fusion and blocking of viral infection. 
Electrodes modified with Pcs with different central metals and nng 
substituents have been vastly employed in the electro catalysis of many systems 
including biologically important molecules.m .m This thesi s is concerned with the 
use of MPcs as electrocatalyts, hence a review of electrocatalytic properties of MPcs 
will be considered next. 
1.4.6 Electrocatalytic Properties of Metal 
Phthalocyanines 
As mentioned earlier, electrocatalysis occurs when the surface of an electrode 
acts both as an electron source and as a reaction site. The interest in the catalytic 
properties of MPcs is derived not only from the advantages they have over metal and 
metal oxide but also because their catalytic actions can be related to their chemical 
structure, chemical and physical properties.278 It is well known that the presence of 1t 
donors as a fifth ligand on metallophthalocyanines 109, 278·284 increases their catalytic 
activity, The electrocatalytic activity of MPcs has been28s.288 related to redox 
potentials of the central metal, for example in the reduction of oxygen, equations 1.14 
- 1.16: 
M(I1) Pc·2 + O2 -> [M(lIIL02-Pc·2] 
[M(IIIL02- PC·2] -> Product + M(I1I)PC·2 
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And the general mechanism for the metal oxidation-mediated catalytic oxidation of a 
species (A) to a product (B) is given by equations 1.20 and 1.21283.289.292 
M(II)PC·2 --7 M(III)PC·2 + e' 
M(lII)PC·2 + A --7 M(II)PC·2 + B 
1.17 
1.18 
Sekota and Nyokong289 have reported electrooxidation of L-cysteine mediated by 
ring-based processes USIng rhodium, ruthenium and osmium phthalocyanine 
complexes ((CNhRhPc', (DMSO)(CI)RhPc, (DMSOhRuPc (DMSO)20SPC) 
according to equations 1.19-1.21): 
MPc·2 --7 [MPc·1 t + e' 
2[MPc' l t --7 ([MPc·1 n2 
([MPC·1t)2 + A --7 MPc·2 + B 
1.19 
1.20 
1.21 
Methods of Electrode Modification Using Metal Phtha[ocyanines 
Electrodes modified with metallophthalocyanines have been extensively used 
In electrocatalytic reactions. The electrodes modified with MPcs include glassy 
carbon, carbon fibres, graphite, gold, platinum, indium tin oxide on glass . However, 
carbon is the most widely used electrode material. The methods employed to attach 
the MPcs on the electrodes include electropolymerization,283.293 adsorption by drop-
dry,283 chemisorption (as in SAMs).157.159 In some cases where the intention is to 
design a sensor, the electrodes have been modified by screen printing. Co, Fe, Ni and 
Sn phthalocyanines have been shown to adsorb on graphitized carbon black, 
containing 15% platinum for use as co-catalyst.294 MPcs have been deposited on 
electrode surfaces, incorporated in a polymer.295.297 Zeolites modified with MPcs in 
which the MPcs were mixed with graphite to get a conductive catalytic phase have 
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b d 297-300 EI I - - f MP - . b . een reporte . ectropo ymenzatlOn 0 cs IS a convement way to 0 tam 
thick and stable catalytic film on the surface of the electrode. This has been made 
possible in the presence of counter-ions during the formation of MPc based 
conducting polymer301-303 
A wide range of species is catalyzed by MPc-modified electrodes, however, 
only selected amino acids, nitric oxide, nitrite, phenols and oxygen will be considered 
in this thesis. The next section will give a brief overview of the electrocatalytic 
behaviour of MPc-modified electrodes toward some of the species mentioned above. 
1.5 Review of Analytes to be Electrocatalyzed by 
MetaUophthalocyanine Modified Electrodes 
1.5.1 Aminoacids (L-Cysteine and Glycine) 
1_5_1_1 L-Cysteine 
L-Cysteine is a neutral, genetically coded ammo acid that can be found in 
many proteins throughout the body. Cysteine is a nonessential amino acid. It is made 
in the body from serine and methionine. It is one of the few amino acids that contain 
SUlphur. This allows cysteine to bond in a special way and maintain the structure of 
proteins in the body. Cysteine is a component of the antioxidant, glutathione. The 
body also uses cysteine to produce taurine, another amino acid. N-acetyl-L-cysteine 
(NAC), a modified form of cysteine, helps break down mucus and detoxify harmful 
substances in the body. 
The biochemical importance of cysteine is related to the presence of a sulphur-
containing thiol group in its side chain. This group participates in the catalytic 
reactions of certain enzymes, such as that of papain, the enzyme from papaya latex 
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used to make commercial meat tenderisers. Kidney malfunction is related to a major 
complication of cystinuria, an inherited metabolic disease, one of whose symptoms is 
a twenty-fold to thirty-fold increases in urinary excretion of cystine, a relatively 
insoluble amino acid in the kidneyJ04,J05 Other diseases associated with cysteine 
include multiple sclerosis,J06,J07 cancer and lung diseases,308,309 Sjogren's syndrome 
(an autoimmune disorder characterized by dry mouth and dry eyes), cataracts and 
macular degeneration,J 10,3 11 hepatitis C,3l2·J 15 amyotrophic lateral sclerosisJ 16 (ALS, 
often called Lou Gehrig's disease, a rapidly progressive neuromuscular disease caused 
by the destruction of nerve cells in the brain and spinal cord) are also related to 
abnormality in cysteine level in the body. 
Abnormal amounts of cysteine may be toxic to nerve cells and have been 
. d . h Al h' , P k ' , d' J17·J20 d '1 . . J21·J2J associate Wit z elmer s, ar 111son s Iseases an epl epttc seizures. 
Low levels of cysteine may be linked to an increased risk of cervical dysphasiaJ24 (the 
appearance of precancerous abnormal cells on the surface of the cervix, the lowest 
part of the uterus). When left untreated, dysplasia sometimes progresses to an early 
form of cancer known as cervical carcinoma in situ, and eventually to invasive 
cervical cancer. HIV infection is considered to be a condition of excessive oxidative 
stress (caused by free radicals) where the antioxidant glutathione is depleted 
significantly. J I O,J25·J27 
Different methods have been employed to determine thiols. These include 
chromatography, fluorimetry, and electrochemistry328.J29 Most of the electrochemical 
methods used are limited as a result of the fouling of the bare electrodes used in the 
analysis of thiols. The use of transition-metal phthalocyanines, adsorbed on graphite 
electrodes, have been shown to have a substantial electrocatalytic activity for the 
oxidation of several thiols like cysteine, reduced glutathione, 2-mercaptoethanol and 
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2-mercaptoethanesulfonic acid279,289,330-332 The advantage offered by MPc modified 
electrodes is the decrease in the oxidation potential of the thiols and the significantly 
improved rate of electron transfer.293 ,3 33 
The lower the potential for thiols, the better, thus Table 1.4 shows that substituted 
MPc complexes lower the potential for cysteine oxidation more than the unsubstituted 
MPc complexes. 
Table 1.4: Comparative peak potential and limit of detection (LoD) for cysteine 
·d· . I d bId· h hI· e ectrooXI atlOn usmg se ecte co a t an Iron pi t a ocyamnes. 
MPc Electrode Ep / V (Ag I AgCl) LoD/ mol dm-' References 
material 
CoPc C-cement 0.74 1.0 x 10-1 334 
CoOBTPc SAM-Au 0.42 3. 1 xlO-7 157 
FeOHETPc SAM-Au 0.38 5.2 x 10-7 158 
CoOHETPc SAM-Au 0.50 5.2 x 10-7 159 
FeOBTPc SAM-Au 0.33 3.0 x 10-7 335 
Aim of Thesis 
Pyrrole, thiophene and pyrimidin functionalized metallophthalocyanine 
complexes have been synthesized in this thesis. Part of the aims of this thesis 
therefore, is to study the electrocatalytic activity of these newly synthesized CoPc 
complexes towards the analysis of L-cysteine, with particular reference to oxidation 
potential and stability of the electrodes. 
1.5.1.2 Glycine 
Glycine is also a neutral, genetically coded amino acid. It is the only protein-
forming amino acid without a centre of chirality. It is structurally the simplest of the 
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a-amino acids, having merely a hydrogen atom for a side chain, and is thus very 
unreactive when incorporated into proteins. Nevertheless, in the free state glycine 
participates in several important reactions, including the biosynthesis of heme, (an 
important constituent of haemoglobin), and the biosyntheses of bile acids, cretin 
phosphate and serine (another amino acid), purines (constituents of genetic material), 
and glutathione (a coenzyme)). Glycine is not essential to the diet since it can be made 
from other substances in the body. Glycine was the first amino acid to be isolated 
from a protein, in this case gelatine. Glycine is also similar to gamma-amino butyric 
acid and glutamic acid in the ability to inhibit neurotransmitter signals in the central 
nervous system. It enhances the activity of chemical messengers (neurotransmitters) 
in the brain that are involved in memory and cognition336 It is present in considerable 
amounts in prostate fluid and has been reported to play a role in maintaining the 
health of the patients with benign prostatic hyperplasia (BPH).337.338 
Aim of Thesis 
Within the scope of available literature, in this work, there is no report on the 
analysis of glycine at metallophthalocyanine-modified electrodes. We aim at 
investigating the electrocatalytic property of manganese tetraamino phthalocyanine 
for the determination of glycine in this thesis. 
1.5.2 Oxygen 
The electrochemistry of oxygen is of major importance to energy conversion 
and storage and conservation. Oxygen-consuming cathodes are used in fue l cell 
systems and in metal-air batteries. Oxygen electro reduction is a multi electron reaction 
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and is suggested339 to include a number of elementary steps forming various parallel-
consecutive combinations (Scheme 1.10). 
+ 4 e- + 4H+ 
+2e-+2H+ +2 e-
+ 4 e-
____ --- (OZl.d, ____ --- (HzOzl.d, --2-H-+---3"~ 
\ 
2Hp 
Scheme 1.10: A general scheme for the series (consecutive)-parallel reactions of 0, and H20,. 
Where O2, (02),u" and (02),ds correspond to the molecular Oz in the bulk 
solution, in the solution adjacent to the electrode surface, and in the adsorbed state, 
respectively. 
Many transition metal macrocyclic complexes have substantial catalytic 
activity for 02 reduction340 Oxygen reduction has been studied on thin films of 
macrocyclic complexes attached on a carbon, graphite, or metal 
substrates287.Z88,305,341-344 In particular, Jasinski 'sz87.z8g discovery that CoPc catalyses 
oxygen reduction at a potential close to that at platinum, provoked a large amount of 
interest in the possible application of MPcs in cathode reaction of fuel cells. The 
electrocatalytic reduction of Oz on thin films is influenced by: 
(a) the ligand structure : Phthalocynines,34Z,345 tetraphenylporphyrins,346 and 
dibenzotetraazoannulenes display different activity for oxygen electroreduction both 
in acid and in alkaline solutions. Alt and coworkers345 showed that introduction of 
electron donors into the phenyl groups of cobalt tetraphenylporphyrin (CoTPP) 
decreases its activity (for Oz reduction) in the series of OCH3 > Phenyl > SCH3 > H. 
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(b) central metal ion: With polymeric metallophthalocyanines, the use of 
electroactive central metals such as Mn, Fe and Co not only increases the possibil ity 
of the Oz reduction to water but also accelerates the whole reduction process347 The 
dependence of the mechanism and kinetics on the nature of the central metal ion 
indicates that the metal is the active si te where electrocatalysis occurs. Randin340 
reported a correlation of electrochemical activity for Oz reduction with the first redox 
potential ofMPc and the value of the magnetic moment of the MPc, implying that the 
local interaction rather than the collective one plays a major role with these metal 
organic complexes. 
(e) Electrolyte: The effect of pH on the electro reduction of oxygen has been 
reported348 The reduction of oxygen in alkaline solution by cobalt tetrasulfonated 
phthalocyanine (CoTSPc), CoPc and cobalt tetraphenylporphyrin (CoTPP) modified 
electrodes have been shown to proceed in two stages (Equations 1.22 and 1.23) with 
the formation of a peroxide as intermediate. 
(L-M) + Oz (L-M)-02 1.22 
(L-M)-Oz + e' 1.23 
where L = Pc ligand and M = central metal 
The behavior in acidic medium was different since the reduction occurred at 
less negative potentials. This was explained by the need for a simultaneous proton 
transfer as shown in equation 1.24. 
(L-M)-Oz + Hz + e' ---_~ (L-M)-02H 1.24 
Manganese Schiff bases347 and MPcs such as cobalt tetraaminophthalocyanine 
(CoTAPc),348 cobalt tetrasufophthalocyanine (CoTSPc),339 CoTSPc/polypyrrole 
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(CoTSPc-ppyi34 have been demonstrated to lower the reduction potential of oxygen. 
Table 1.5 shows the oxygen reduction potential on some modified electrodes. The 
reduction potential is generally closely related to the redox potentials of the central 
metal. For example the redox potential of COlt/COl in poly-CoTAPc-GCE electrode, in 
pH 7, is reported at + 0.05 V which is very close to - 0.23 V related to the oxygen 
reduction potential on the same electrode. Similarly the table shows that the redox 
potential of the manganese central metal in Mn-salen (- 0.275 V) is very much 
associated with the potential (- 0.45 V) at which the oxygen reduction occurs on the 
electrode modified with this catalyst. The objective of this thesis is thus to extend the 
range of possible electro catalysts for oxygen reduction using the newly synthesized 
MPc derivatives. 
Table 1.5: Comparative peak potential for the electrocatalytic reduction of O2 using 
s hhl I d orne pi t a ocyamne re ate species. 
MPc Ep(02)(V vs . SCE) Medium E I12(MPc)N vs. SCE 
CoTAPc - 0.23 pH7 + 0.05>"' 
CoTSPc - - 0.42 0.05M H2SO4 not stated339 
CoTSPc-PPy - 0.15 (vs. RHE) 0.05M H2SO4 + 0.05 334 
Mn-salen - - 0.45 CH3CN _ 0.275347 
RHE = Reverstble hydrogen electrode 
Aim of Thesis 
This study focuses on the electrocatalytic activity of manganese 
phthalocyanines (MnPcs) complexes modified electrodes towards reduction of 
molecular oxygen. The interaction of molecular oxygen with the MnPcs in so lution is 
also investigated. The report also includes attempts made towards activation of 
molecular oxygen using cobalt-tetra- {4-(pyrrol-I-yl) }phenoxyphthalocyanine 
61 
Chapter One Introduction 
(CoTPhPyPc, 7) and chromium tetraamoniphthalocyanine (CrTAPc). This is the first 
time a CrT APe-modified GCE is used for oxygen reduction. 
1.5.3 Nitric Oxide and Nitrite 
Nitric oxide is a highly reactive gas that participates In many chemical 
reactions. NO is synthesized within cells by an enzyme NO synthase (NOS) from 
arginine with the aid of molecular oxygen and nicotinamide adenine dinucleotide 
(NADPH)349-3;] NO diffuses freely across cell membranesm,m and it can interact 
with so many molecules, that it is quickly consumed close to where it is synthesized. 
Thus NO acts in a paracrine or even autocrine fashion - affecting only cells near its 
point of synthesis . NO has many physiological functions including smooth muscle 
relaxation,2);,3;4 inhibition of the aggregation of platelets,276,355-357 inhibition of 
inflammation,277,358,3;9 neurotransmission,248,353,355,356 and antibacterial activity360-363 
Methods of detecting NO are often indirect in that the measurements are based 
on secondary species such nitrite and nitrate, after removal from biological systems. 
There is a growing interest in electrochemical sensors for direct analysis of NO in 
biological systems364-368 Electrochemical reduction or oxidation of NO has been 
achieved on metalloporphyrins and related metalloproteins modified electrodes with 
varying degrees of success in terms of reduction or oxidation potentials and detection 
limits368-372 NO binds axially with MPc complexes and the driving force for the 
catalytic activity of MPcs towards NO has been linked with the axial ligation and 
peripheral substitution on the MPc macrocycle.373-376 Metallophthalocyanine 
complexes have been shown to lower the reduction and oxidation overpotentials (with 
increased current) for activation of NO.377-38o Table 1.6 shows an abbreviated list of 
reduction or oxidation potentials of MPc complexes and their relation to the reduction 
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or oxidation potentials of NO, at the respective MPc modified electrodes. New MPc 
complexes which can lower the potentials further are desirable. 
Table 1.6: Comparative peak potential and limit of detection (LoD) for the 
I I [NO d NO . h h I e ectrocata YSIS 0 an 2 usm" some pta ocyamne specIes. 
MPc Ep (NO) / V vs. Medium! LoD" E I12(MPc) V vs. SCE 
SCE' (mol dm·3) 
NO 
Oxidation 
[CoTSPct + 1.04378 pH 4 (1xl0'9) + 0.43 COlll/COll 
CoPc + 0.90379 pH4 + 0.80 COlll/COll 
CoPc + 0.67372 Blood serum + 0.80 COlll/COll 
FePc + 0.74372 pH 7.4 + 0.38 Felll/Fell 
NiTS Pc + 0.70380 pH 7.4(1 x 10.6) + 0.40 Nill llNill 
NiTSPc + 0.75381 pH 7.4 + 0.50 NillllNill 
Reduction 
[CoTSPct _ 1.01290 pH 4 (1xl0·9) - 0.50 COll/COI 
[CoTSPct _ 1.15290 pH7 - 0.50 COll/COI 
CoPc _ 0.98379 DMSOITEAP - 0.37 COll/COI 
CoPc _ 0.98379 pH4 - 0.37 COll/COI_ 
H2Pc _ 0.90382 pH 3 - 0.72 Pc·2/pC·3 
N02' 
[CoTSPct + 0.93378 pH 7 (2xl0·7) + 0.75 COlll/COll 
CoPc + 0.87273 pH 7.3 + 0.45 COlll/COII 
a References given as superscripts 
b LoD given in brackets 
63 
Chapter One Introduction 
Nitrites are a major constituent of fertilizers and have been used for many 
years in lawn treatments. Without the addition of nitrites, crops would deplete 
nitrogen from soil. Unfortunately, when nitrogen fertilizers are used, they can get into 
wells and contaminate them. Nitrites from fertilizers also seep into groundwater, 
especially shallow wells thereby creating cause for environmental concern. 
Nitrites are a cause for concern in infants under 6 months of age and farm 
animals. They affect the blood's ability to carry oxygen. Nitrites get into the body 
when nitrates are ingested, both from food and water, and nitrate-reducing bacteria in 
an infant's digestive tract converts the nitrate to nitrite. Once the nitrite enters the 
blood stream and binds to the hemoglobin, oxygen cannot be carried, and "blue-baby" 
syndrome (bluish tint to skin due to lack of oxygen) occurs, as well as shortness of 
breath, increased sensitivity to illness, heart attacks, and possibly death by 
asphyxiation. However, as the infant ages, stomach acid becomes stronger, and 
bacteria that cause the conversion of nitrate to nitrite are reduced. Older children and 
adults generally do not have a problem with nitrites. Since the dawn of recorded 
human history, nitrites have been used to preserve meat from bacterial spoilage. 
Most recorded methods for the determination of nitrite involve 
spectrophotometry with related complications and are time-consuming.383-J86 MPc 
and related complexes, such as porphyrins, hemoglobin and myoglobin have been 
used for determination of nitrites. 274,J71.J87.J91 Table 1.6 shows the oxidation potential 
of nitrite at some MPc modified electrodes. 
Aim of Thesis 
erPc complexes have not been employed in electrocatalysis of NO and 
nitrites. This work aims at investigating the electrocatalytic activities of 
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electropolymerized chromium tetraaminophtalocyanine (CrTAPc) as catalyst for the 
oxidative determination of NO and nitrite. Thus extending the use of MPc type 
catalysts to the electrooxidation of NO and nitrite. 
1.5.4 Phenols and Chlorinated Phenols 
Chlorophenols and phenols are introduced in the environment, through their 
use as biocides or as by-products of other industrial operations, such as pulp bleaching 
with chlorine and waste incineration. Chlorophenols and phenols have also been used 
as general purpose disinfectants, and it has been found that they can also appear as 
degradation products of other chlorinated xenobiotics.392 
Chlorophenols, with at least two chlorine atoms, either have been used directly 
as pesticides or converted into pesticides. Also, chlorophenols, especially 4-
chlorophenol, have been used as antiseptics. Phenols and chlorophenols accumulate 
in the environment (soil and water) as incalcitrant contaminants and this is of concern 
to the environmental scientists.393,394 They constitute a major class of organic 
pollutants that contaminate the ecosystem and accumulate in the food chain395 
Several chlorinated phenols such as 2-chlorophenol, 2,4-dichlorophenol, 2,4,6-
trichlorophenol, and pentachlorophenol have been classified as priority pollutants394 
Monitoring and detection of chlorophenols are of particular importance in 
environmental control and food analysis for the investigation of human and animal 
exposure. The electrooxidation of chlorophenols on glassy carbon electrodes modified 
with nickel based cyclam, porphyrin and tetra sulfonated phthalocyanine has been 
reported83,396-398 The electrode modification was found to minimize fou ling of the 
electrode by the oxidation product. 
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Aim ojTllesis 
As has been mentioned above, Ni(II) macro cycles have been shown to be good 
electrocatalysts for the oxidation of phenols and chlorophenols396.J98 However, the 
electrooxidation products easily foul electrodes within a short time. 
Electropolymerizable pyrrole substituted nickel phthalocyanine has been synthesized 
in this study. The thesis will look at the potential application of the newly synthesized 
complex for the electrocatalytic oxidation of phenol and its derivatives with the aim 
of reducing electrode fouling by the oxidation products. 
1.6 Summary of Aims of Thesis 
The overall aims of this thesis are as follows: 
• To synthesize and characterize pyrrole, thiophene, mercaptopyrimidin 
and amino substituted metallophthalocyanines namely: metal-tetra-4-
(pyrrol-l-yl)phenoxy phthalocyanine (MTPhPyPc), metal-tetra-{2-(2-
thieny l)ethoxy} phthalocyanine (MTETPc), metal-tetra-(2-
mercapto )pyridinphthalocyanine (MTMPyrPc) and metal-
tetraaminophthalocyanine (MT APc) (Fig 1.18. The complexes will be 
characterized usmg spectroscopic, electrochemical and 
spectroelectrochemical techniques. These molecules are chosen since 
they should be electropolymerizable. 
• To prepare metallophthalocyanine modified electrodes (by 
electropolymerization, drop-dry and self-assembly (SAM)) and 
characterise them using electrochemical techniques. 
• To investigate the electrocatalytic properties of the MPcs (shown in 
Fig 1.18 modified electrodes toward detection of some biological and 
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environmentally important molecules. The catalytic properties of 
chosen MPc complexes (Fig 1.18) toward L-cysteine, glycine, nitric 
oxide nitrite, oxygen and phenol and its derivatives will be 
investigated. 
Metal tetra-4-(pyrrol-1-yl)phenoxy Pc 
M = Co(7), Fe (8), Mn (9), Ni (10), Zn (11) 
Metal tetra-(2-mercapto)pyrimidyl Pc 
M = Co (13), Mn (14), Zn (15) 
Metal tetraamino Pc 
M = Cr (19), Mn (20) 
Metal tetra-(2-(2-thienyl)ethoxy} Pc 
M = Co (16), Mn (17), Zn (18) 
Fig 1.1 8: Structure of MPc complexes studied in this thesis 
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Experimental 
This chapter describes the general experimental procedures employed in this work. The 
synthetic route adopted to obtain the metallophthalocyanine complexes studied in this work 
is presented. The synthesis of a series of N-pyrrole substituted phthalocyanines in wbich 
either a phenoxy group or a pentoxy group separates the pyrrole ring from lhe 
ph1halocyanine is described. The complexes are denoted: MI'PhPyPc (7-11, for phenoxy 
link Pc) and CoTPOPyPc (12, for pentoxy linked Pc), where M is the respective metal 
cation. Also the first report of lhe synthesis of a mercaptopyrimidin (denoted: MTMPyrPc, 
13-15) and thiophene (denoted: MTETPc, 16-18) substituted MPcs is presented. The 
syntheses of chromium and manganese tetraaminophthalocyanine complexes (CrTAPc, 19, 
and MnT APc, 20) are also described here. 
Chapter Two Experimental 
2.1 Solvents 
N N dimethyl formam ide (DMF), dimethylsulfoxide (DMSO), dichlororomethane 
(DCM), tertrahydrofuran (THF), diethyl ether, methanol , ethanol, acetone, DMSO-d6 and 
CDCb were purchased from SAARCHEM (Pty) Ltd (South Africa) . DMF, DCM and 
DMSO were freshly distilled before use. THF was distilled and dried over molecular 
sieves. l--entanol was obtained from Aldrich. Deionized water was collected from Milli -
Q Millipore water purification system and used to prepare all buffered solutions. 
2.2 Reagents 
Phthalimide, L-cysteine, tetrabutylammonuim tetrafluorobarate (TBABF 4), 4-(1-
H-pyrrol- l -yl)phenol , 2-mercaptopyrimidin, zinc acetate and thionyl chloride were used 
as received from Aldrich. 2-Thienyl-2-ethanol was obtained from Fluka and used as 
received. Phenol, 4-chlorophenol (4-CP) , 4-nitrophenol and sodium nitrite were obtained 
from BDH. Glycine, potassium carbonate, manganous chloride (MnCh), chromium 
chloride, nickel acetate, ferric acetate, cobalt acetate, sodium hydroxide, hydrochloric 
acid, nitric acid and sulphuric acid were purchased from SAARCHEM (South Africa). 
Tetraethylammonium perchlorate (TEAP) was recrystallized from ethanol. All other 
chemicals and reagents were of analytical grade and were used as received. Phosphate 
and acetate buffer tablets and powders were obtained form SAARCHEM (South Africa). 
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2.3 Instrumentation 
UV-Visible spectra were recorded on either Varian 500 UV-VisINIR or Cary IE 
spectrophotometer. IR spectra (KBr pellets) were recorded on a Perkin-Elmer spectrum 
2000 Fourier Transform Infrared (FTIR) spectrometer. IH-nuc1ear magnetic resonance 
(IH-NMR, 400MHz) spectra were obtained in CDCh or DMSO-d6 using Bruker EMX 
400 NMR spectrometer. Adsorption column chromatography was performed using silica 
gel 60 (0.040-0.063 mm) obtained from Merck. Elemental analyses were performed with 
a Carlo Erba NA 1500 Nitrogen analyzer at the University of the Western Cape, Cape 
Town, South Africa. MALDI-TOF spectra were collected with Perseptive Biosystems 
Voyager DE-PRO Biospectrometry Workstation with Delayed Extraction Technology. In 
some cases Finnigan LCQ-MS electron spray ionization mass spectra was employed for 
analysis of starting phthalonitrile. Scanning electron micrographs were obtained using 
JOEL JSM 840 scanning electron microscope. A WTW pH meter was used for pH 
measurements. 
Synthesis 2.4 
2.4.1 4-Nitrophthalonitrile (37) (Scheme 1.6)225 
4-Nitrophthalonitrile (37) was synthesized according to reported procedure225 
starting from phthalimide (24). The synthesis is as shown in Scheme 1.7 (Chapter One) 
and was used as the starting reagent for the synthesis of other substituted phthalonitriles. 
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4-nitrophthalimde (35) 
Fuming HNO) (30 mL) was slowly added to 180 mL of H2S0 4. The mixture was 
allowed to cool, to - 12°C, in an ice bath. Phthalimide (24), 50.0 g (0.3 mol) was added 
to the acid mixture while stirring as quickly as possible and maintaining the temperature 
between 10 °C and 15 °c in an ice bath. The solution was allowed to stand overnight at 
room temperature. The resulting yellow product was poured on ice (- 1.2 kg) while 
rapidly stirring the solution to yield a beige suspension which was isolated by filtration 
under reduced pressure. The solid was washed six times with 150 mL ice water to afford 
the 4-nitrophthalimide 35. Yield: 42%. lHNMR CDCl): 1) (ppm): 8.71(d, lH, Ar-H); 
7.94(s, IH, N-H); 8.10(d, lH, Ar-H); S.70(dd, IH, Ar-H). IR (KBr) v/cm- 1: 178 1 (s), 
1720 (s) (CO-NH-CO), 1535 (vs) (N02 assym.), 1350 (vs) (NOz sym.). 
4-nitrophtha/amide (36) 
4-Nitrophthalimide (35) (20 g, 0.1 mol), was stirred in 300 mL of 25% ammonia 
solution for 24 hours before another 100 mL 25% ammonia solution was added. The 
stirring was continued for another 24 hours and the resulting yellowish product was 
filtered off under reduced pressure and washed 4 times with 200 mL of water. The solid 
product, 4-nitrophthalamide (36) was dried in the oven at 100 °C. Yield: 85%. lHNMR 
COCk Ii (ppm): 8.10 (d, lH, Ar-H); 8.26 (dd, IH, Ar-H); 8.42(d, lH, Ar-H). IR (KBr) 
vlcm- 1: 3343 (NHz str), 1680 (s) (C=O SIr), 1615 (vs) (NH2 def.). 
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4-nitrophthalonitrile (37) 
Freshly distilled thionyl chloride, 25 mL (0.035 mol) was added, while stirring at 
o °C, to 100 mL of dry dimethylfomamide (OM F) in a nitrogen atmosphere. The stirring 
was continued for 2 hours and then 8.5 g (0.04 mol) of 36 was added to the mixture 
while stirring. The mixture was stirred for 5 hours at 0 °c and then at room temperature 
overnight. The product was poured into 300 mL of ice water, filtered under reduced 
pressure and washed 6 times with 80 mL of water. The product was recrystallized twice 
from methanol to yield yellow 4-nitrophthalonitrile (37). Yield: 70%. lHNMR COCI): /) 
(ppm): 8.10 (d, IH, Ar-H); 8.60 (dd, IH, Ar-H); 8.72(d, JH, Ar-H). IR (KBr) v/cm-1: 
2230 (s) (C=N) 1540 (vs) (N02 assym.), 1360 (vs) (NOz sym.). 
2.4.2 '99 5-(Pyrrol-1-yl)pentan-1-o1 (40), (Scheme 3.1 y 
This molecule was used for the formation of pentoxy pyrrole substituted 
phthalonitrile. The N-pyrrole substituted pentan-I-ol was synthesized according the 
procedure reported for the synthesis of the ethanol analogue 3 99 5-Aminopentanol (50 g, 
0.817 mol) was added to 100 mL of glacial acetic acid (while stirring) then cooled in an 
ice bath containing sodium chloride (NaCI), in such a way that temperature of the 
solution was kept below 20°C since the reaction is exothermic. One portion of 25 g 
(0.19 mol) of 2,5-dimethoxytetahydrofuran (39) was then added to the solution while 
stirring and left to stand for 10 minutes. The acetic acid was distilled off under reduced 
pressure and the residue was treated with 200 mL of water. The product was extracted 
five times from water with dichloromethane (OCM). The extracted organic solution was 
treated, three times, with a saturated aqueous solution of sodium sulfate followed by 
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distilling off of the DCM. The residue was stirred overnight with a mixture of 30 mL 
methanol and 30 mL 20% aqueous solution ofNaC!. Then the mixture was saturated with 
NaCI while stirring and left to stand for 30 minutes. The mixture was then transferred 
into a separating funnel and the organic product was extracted with DCM. Since traces of 
water will be present in the DCM extract the product was dried with calcium chloride. 
Finally, the DCM was distilled off under reduced pressure. Yield: 30%. IR (KBr) v/cm-I : 
3097, 2939, 1655, 1503, 1430, 1280, 1087, 1070, 982, 866,730. IHNMR d-DMSO; I) 
(ppm): 3.2 (d, IH, pyrrole); 4.0-3.6 (m, 10H, pentane); 6.30(t, 2H, pyrolle); 6.91(t, 2H, 
pyrrole). 
2.4.3 Synthesis of substituted phthalonitriles (Scheme 3.2) 
All the functionalized phthalonitriles used for the preparation of the 
phthalocyanine complexes were synthesized via the nucleophilic aromatic substitution 
(SNAr) reaction of 4-nitrophthalonitrile as described below using the desired substituting 
reagent. The synthetic route is summarized in Scheme 3.2. 
2.4.3.1 4-(pyrrol-1-yl)phenoxy phthalonitrile (42)399 
4-(Pyrrol-l -yl)phenoxy phthalonitrile (42) was synthesized by following 
literature399 reports for similar complexes: 4-(pyrrol-l-yl)phenol (41) (0 .3 g, 1.9 mmo!) 
and 0.27 g (1.56 mmol) of 4-nitrophthalonitrile (37) were added to 0.6 g dry K2C03 in 15 
mL dry DMSO. The mixture was stirred under nitrogen for 48 hrs at room temperature. 
The precipitated product was washed with cold water (four times) and finally with 
methanol (two times). The resulting solid (42) was dried in the oven at 50°C. IR (KBr) 
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v/cm- ' : 3442, 3106, 3063 , 2229 (C=N) , 1598, 1516, 1486, 1244(C-O-C), 1205, 1076, 
840, 727. 'HNMR d-DMSO; 0 (ppm): 6.29(s, 2H); 7.30(d, 2H); 7.38(d, 2H); 7.44(m, 
IH); 7.50(d, 2H); 7.85(d, IH); 8.10(d, lH). 
2.4.3.2 5-(pyrrol-I-yl)pentoxy phthalonitrile (43)399 
5-(Pyrrol-I-yl)pentoxy phthalonitrile (43) was synthesized by following 
literature399 reports for similar complexes: 5-(pyrrol-I-yl)pentan-I-ol (40) (0.3 g, 1.9 
mmol) and 0.27 g (1.56 mmol) of 4-nitrophthalonitrile (37) were added to 0.6 g dry 
K2C03 in 15 mLdry DMSO. The mixture was stirred under nitrogen for 48 hrs at room 
temperature. The product was poured into 100 mL of 0.1 M HCI solution to afford a 
yellowish-brown precipitate. The precipitated product was washed with cold water (four 
times) and finally with methanol (two times) . The resulting solid (43) was dried in the 
oven at 50 °C. IR (KBr) v/cm-' : 3442,3106, 3063 , 2229 (C=N), 1598, 1516, 1486, 1244 
(C-O-C), 1205, 1076, 840, 727. 'HNMR d-DMSO; 0 (ppm): 6.29(s, 2H), 7.30(d, 2H); 
7.38(d, 2H); 7.44(m, lH); 7.50(d, 2H); 7.85(d, IH); 8.10(d, lH). 
2.4.3.3 4-{2-(2-thienyl)ethoxy}phthalonitrile (45) 
Complex 45 was synthesized by stirring a mixture of 4-nitrophthalonitrile (37) 
(0.4 g, 2.3 mmo!), 2-(2-thienyl)ethanol (44) (1.5 mL, 10 mmol) and dry K2C03 (0.8 g, 
5.8 mmol) in 20mL dry DMSO under nitrogen atmosphere at room temperature (RT) for 
two days. Another portion of dty K2C03 (0.6 g, 4.3 mmol) was added after 2 days and the 
mixture was stirred under nitrogen for another 5 days at RT. The product was 
precipitated out of solution by neutralizing the solution using 0.1 M HCI to yield a 
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greenish gelatinous precipitate. The precipitated product was finally washed twice with 
distilled water and recrystalized from acetone. The resulting green solid was dried over 
P20S in a desiccator. Yield: 73%. IR (KBr disk) "-max/cm-I: 3460, 3099,2228, 1561,1486, 
1471,1406,1308,1250 (C-O-C), 1097, 1019,850,712, 522. IH NMR/ppm: 4.37 (t, 2H); 
6.96 (m, 2H); 7.35 (d, 2H); 7.47 (m, IH); 7.80 (d , IH); 8.02 (d, 2H). Electron spray mass 
spectra: Calc: 254.31m/z. Found: 254.30. 
2.4.3.4 4-(2-mercapto)pyrimidinphthalonitrile (47) 
2-mercaptopyrimidin (46) (4 g, 35.7 mmol), 3.8 g (2 1.85 mmol) of 4-
nitrophthalonitrile (37) and 5.5 g (39.86 mmol) of dried potassium carbonate were added 
to 37 mL dry DMSO under dry, inert gas (N2). The mixture was stirred for 24 hrs at RT 
and another 4 g (30 mmol) of K2C03 was added. The mixture was stirred for another 6 
days at RT. Ice water (400 mL) was added and pH was adjusted to 7. The precipitated 
product was thoroughly washed with distilled water and twice with cold methanol. The 
product was finally recrystalized from methanol and dried in vacuum for 3 days. The 
purity of the product (47) was confirmed by thin layer chromatography, (TLC), and 
NMR. Yield: 82%. IR (KBr) v\cm· l : 3441, 3093, 3030, 2372 (S-C), 2229 (C=N), 1554, 
1478,1382,1176,834,804,759,523. IH-NMRlppm: 7.36 (t, lH); 8.12 (d, 2H); 8.48 (s, 
IH); 8.71 (d,2H). 
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2.5 Synthesis of Phthalocyanines 
2.5.1 Synthesis of Pyrrole Substituted Phthalocyanine 
Complexes (Scheme 3.3) 
2.5.1.1 Tetra-4-(pyrrol-1-yl)pheno:t:y phthalocyanines (Scheme 3.3)399 
A procedure similar to that reported399 for the synthesis of tetrakis(3-pyrrol-l-
yl)propoxy) phthalocyanine was adopted for the preparation of (H2 TPhPyPc) (48). A 
solution of 0.15 g (0.6 mmol) of 42 in 5 mL dry pentanollDMSO (4: I) was refluxed for 
20 minutes in the presence of nitrogen. Lithium (4 mg, 0.57 mmol) was added to the 
refluxing solution. The solution immediately turned blue-green on addition of lithium 
metal. Refluxing was continued for another 1 hour. The UV -Visible spectrum of the 
refluxing solution was recorded at different time intervals to monitor the formation of the 
characteristic Q-band of phthalocyanine ring (Pc). The pentanol was removed by blowing 
out with nitrogen while the heating continued. The product was transferred into 1 OmL of 
water and the pH adjusted to 5 using dilute HCI. The product was then filtered and the 
unreacted phthalonitrile was removed by Soxhlet extraction with methanol. The purity of 
the Pc was checked using thin layer chromatography (TLC). TLC revealed two different 
spots (impurities) that were removed using diethylether and chloroform. The Pc complex 
48 was eluted with tetrahydrofuran (THF). 
H2TPhPyPc (48): Yield : 50%. IR (KBr) vlcm-1: 3430, 3300, 2922, 2853, 1612, 
1513 , 1467, 1328, 1230 (C-O-C), 1093, 1011 ,923 , 801,725. lHNMR d-DMSO; Ii (ppm): 
6.30 (d, 8H, pyrolle); 7.40 (d, 8H, pyrrole); 7.5-7.9 (m, 16H, phenoxy); 8.61 (s, 4H, Pc); 
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9.12 (s, 8H, Pc). UV-Vis (OMF) , Am,jnm (log E): 344 (4.50), 609 (4.41), 637 (4.45), 670 
(4.95) , 700 (4 .69) . 
Cobalt-tetra-4-(pyrrol-1-yl)phenoxy phthalocyanine (CoTPhPyPc) (7). 
Cobalt (II) acetate (0.027 g, 0.023 mmol) was added to a solution of 0.03 g (0.026 
mmol) of the unmetallated phthalocyanine (48) in pentanol and stirred under reflux for 90 
minutes. The pentanol was removed by bubbling nitrogen and the residue was treated 
with a 1: 1 mixture of water-methanol to remove unreacted acetate. The product was 
washed three times with methanol. The purity of the product was confirmed using TLC. 
CoTPhPyPc (7) : Yield: 21 %. IR (KBr disk) v/cm-': 2923, 2852, 1606, 1515, 
1462, 1236 (C-O-C), 1096, 835, 724. UV-Visible (OMF) Am.x/run (log E) (OMF) : 328 
(3.67), 603 (1.47) , 665 (4.88). MS (FAB): m/z 1200 (M + 1). Calculated: 1199 gmor'. 
Iron (FeTPhPyPc) (8,) Manganese (CIMnTPhPyPc) (9), Nickel (NiTPhPyPc) (10) 
and Zinc (ZnTPhPyPc) (11) Tetra-4-(pyrrol-1-yl)phenoxy) phthalocyanine 
Complexes (Scheme 3.3) 
These compounds were prepared using a similar procedure as for CoTPhPyPc, 
using ferric acetate, manganous chloride, nickel acetate and zinc acetate, respectively, 
instead of cobalt acetate . Same amounts (in moles) of reagents were used as for the cobalt 
complex . 
FeTPhPyPc (8): Yield: 35 %. IR (KBr disk) v/cm-': 3436, 2955, 2922, 2859, 
1610,1510, 1472, 1233 (C-O-C) , 1077, 831,726. UV-Visible (OMF) Am.Jnm (log E) 
(DMF): 327 (6.36), 457 (1.85) , 628 (4.38), 701 (3.12). 
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(CI)MnJIlTPhPyPc (9): Yield: 20 %. IR (KBr disk) v/cm- I : 3437, 2944, 2859, 
1606, 151 4, 1468, 1234 (C-O-C), 1071 , 808, 720, 285 (MnIll-CI) . UV-Visible (DMF) 
Amax/nm (log E) (DMF): 380 (2.57), 497(0.84), 649 (0.95), 720 (4. 80). 
NiTPhPyPc (10): Yield: 20 %. IR (KBr disk) v/cm- I : 3423, 2958, 2923, 2845, 
1609, 1514, 1461 ,1 236 (C-O-C), 1096,808,720. UV UV-Visible (DMF) Amax/nm (log E) 
(DMF): 329 (4.43), 621 (5.06),671 (4.45). 
ZnTPhPyPc (11): Yield: 20 %. IR (KBr disk) v/cm-I : 3433,2924,2845, 1609, 
1511 , 1478, 1232 (C-O-C), 1090, 833, 728. UV UV-Visible (DMF) Amaxlnm (log E) 
(DMF): 352 (2.27), 609 (4.55), 678 (5.04). 
2.5.1.2 Tetra-5-(pyrrol-l-yl)pentoxyphthalocyanine Complexd99 
(Scheme 3.3) 
The synthesis of H2 TPOPyPc was achieved by dissolving 1.2 g (4.30 mmol) of 5-
(pyrrol- I-yl)pentoxyphthalonitrile (43) in 15 mL dry pentanol and stirring under reflux 
for 15 mins. Following this, 10 mg lithium was added to the stirring mixture while 
stirring and the solution turned green immediately. UV -Visible spectra of the product 
were used to monitor the formation of the Pc. After I hr, the product was allowed to cool 
to room temperature and methanol was added to the solution to afford the product. The 
solid product was treated in a Soxhlet extractor with methanol, for 24 hrs, to remove 
umeacted phthalonitrile. After this treatment, the product was found to be predominantly 
metal free Pc (49). No further purification was done. The metal free Pc (hereinafter 
referred to as H2 TPOPyPc (49)), was used for the synthesis cobalt derivative. The 
CoTPOPyPc (12) was obtained by reaction of 0.4 g (0.36 mmol) H2 TPOPyPc with 0.027 
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g (0.023 mmol) of cobalt acetate in dry DMSO under reflux for 1 hr. The solution was 
transferred into disti lled water to precipitate out the solid CoTPOPyPc (12). Finally, the 
product was purified by column chromatography using dichloromethane as eluting 
solvent. The purity of 12 was confirmed by thin layer chromatography. The 
characterization of the products gave satisfactory results. 
H2TPOPyPc (49): Yield: 60%. IR (KBr) v/cm-1: 3280, 3097, 2930, 2865, 1615, 
1487, 1235 (C-O-C), 1090,940, 826, 721. UV-Visible (DMF) Amax/nm (log E) (DMF): 
330 (4.48), 635 (4.01), 670 (4.65), 700 (4.65) . lHNMR d-DMSO; /) (ppm): 6.19(d, 8H, 
pyrolle); 7.32(d, 8H, pyrrole); 8.41(s, 4H, Pc); 9.00(s, 8H, Pc);. 
CoTPOPyPc (12): Yield: 92%. IR (KBr) v/cm-1: 3330, 3080, 2935, 2880, 1610, 
1490,1235 (C-O-C), 1190, 1088, 960, 723. UV-Visible (DCM) Amaxfnm: 675,615, 375 , 
323,290. UV-Visible (DMF) Amax/nm (Log E) (DMF): 670 (4.40), 615 (1.95). Elemental 
analysis C6sH6SCoN 120 4 (1175 gmorl): Calculated: C, 69.63%; H, 5.83%; N, 14.29%. 
Found: C, 68 .7%; H, 5.64%; N, 13 .56%. 
2.5.2 Synthesis of Thiophene Substituted Phthalocyanine 
Complexes (Scheme 3.4) 
Cobalt tetra-{2-(2-thieny/)ethoxy}phtha/ocyanine, (CoTETPc), (16) 
Complex 45 (0.06 g, 0.24 mmol) was added to 10 mL of dry pentanol and stirred 
for 15 minutes. Lithium metal (15 mg, 2.14 mmol) was added to the so lution while 
stirring then the solution was left to reflux for 30 mins. The solution turned deep green as 
soon as Li metal was added (possibly forming Li2Pc). Cobalt acetate (0.035 g, 0.03 
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mmol) was then added to the solution and stirred for one hour. The solution turned deep 
blue within 10 minutes upon addition of the cobalt salt. The complete conversion of the 
Li2Pc to the corresponding cobalt complex was monitored by the UV -Visible spectra 
obtained in the DMF solution of the complex by checking the disappearance of the Q-
band due to Li2Pc and the formation of the Q band of the cobalt complex. The reaction 
mixture was allowed to cool to room temperature and then poured into distilled methanol 
to precipitate out the CoTETPc. The product was subj ected to Soxhlet extraction (using 
methanol) overnight to remove umeacted phthalonitrile and cobalt acetate. CoTETPc was 
purified by using column chromatography and THF as elution solvent and silica gel 60 
(0.040-0.063 mm) as the stationary phase. The column was first eluted using DCM to 
remove some yellowish substance that had higher retention factor (Rr) values than the 
CoTETPc in DCM but eluted at the same rate as the CoTETPc in THF. The purity of the 
product was confirmed using TLC. 
CoTETPc(16): Yield : 47%. IR (KBr disk)v/cm· l : 34 17, 1610, 1482, 1390, 1338, 
1235,1080, 1040, 826,695, 620. UV-Visible (DMF) Am,J nm (log E) (DMF): 333 (4.67), 
603 (4.45), 673 (4.96). Elemental analysis (Cs5H40CoNg04S4); Expected % : C: 62.50; N: 
10041; H: 3.75. Found %: C: 61.63; N: 10.95; H: 3.70. 
For the preparation ofMn and Zn-containing phthalocyanine complexes, the same 
procedure used for the synthesis of the cobalt complex was adopted, except that MnClz 
and Zn acetate were employed for (CI)MnIllTETPc (17) and ZnTETPc (18) formation 
instead of cobalt acetate employed for CoTETPc. The same mole ratio used for 
CoTETPc described above was used for the respective metal salts. 
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(CI)MnIllTETPc (17): Yield: 40%. IR (KBr) v/cm-J: 3410, 1612, 1489, 1387, 
1340, 1235, 1080, 1041 , 826, 700, 625, 287. UV-Visible (DMF) AmaJnm (log E) 
(DMF):368 (4.5), 500 (4.0), 667 (3.3), 723 (4.7). MALDI-TOF: CssH40MnNg04S4Cl. 
Calc. for [(CI)MnTETPc - CIt: 1072.2 mlz, found (mlz) = 1072.1. 
ZnTETPc (18): Yield: 40%. IR (KBr) vlcm-J: 3416, 1610, 1482, 1386, 1333, 
1232, 1081, 1043,823, 694, 620. UV-Visible (DMF) A..naJnm (log E) (DMF): 353 (4.1), 
610 (4.5), 676 (5.1). IH NMR (DMSO-d6) /ppm: 3.72 (m 8H, ethylene) , 4.51 (d, 8H, 
ethylene), 7.15 (s, 4H, Pc), 7.25 (d, 4H, thiophene), 7.63 (m, 8H, thiophene), 8.51 (t, 4H, 
Pc), 8.92 (d, 4H, Pc). Elemental analysis (CSSH40ZnNg04S4 = 1082.62 g mor\ Expected 
%: C: 62.13; N: 10.35; H: 3.72. Found %: C: 61.52; N: 11.01; H: 3.56. 
2.5.3 Synthesis of Pyrimidin Substituted Phthalocyanine 
Complexes (Scheme 3.4) 
2.53.1 Cobalt tetra-(2-mercapto)pyrimidylphthalocyanine (CoTMPyrPc) 
(13), Scheme 3.4, route (a and b). 
Two different approaches were followed to obtain 13. Firstly (route a) 0.3 g (0.3 1 
mrnol) of 47 was dissolved in IS mL dry DMF. Cobalt acetate (0 .07 g, 0.06 mrnol) was 
added to the solution and refluxed in the presence of DBU for 5 hours under inert 
atmosphere. The reaction mixture was allowed to cool and 100 mL distilled water was 
added to yield a precipitate of the crude CoTMPyrPc. The solid product was isolated and 
washed with water 5 times and then treated in a Soxhlet extraction apparatus with 
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methanol to remove unreacted phthalonitrile and cobalt acetate. Finally the product was 
purified by column chromatography using distilled THF as the eluting solvent. The 
product was dried in vacuum over P20S. The product gave the same results as those 
prepared following the second approach described next. 
Alternatively, (route b), 0.3 g (0.31 mmol) of 47 was added to dry 15 mL of 
pentanol and reflux for 45 mins. Lithium metal (5 mg, 0.71 mmol) was added after 15 
mins of refluxing. The colour of the reacting mixture turned green upon addition of Li 
metal. Cobalt acetate (0.07 g, 0.06 mmol) was added and the mixture refluxed for 1 hr. 
The complete conversion to CoTMPyPc was monitored using the UV -Visible spectrum 
for the formation of CoTPhPyPc at 665 nm and disappearance of absorption band due to 
Li2Pc at 685 nm. The product was allowed to cool to room temperature and 50 mL 
methanol was added to precipitate out the CoTMPyrPc. The product was then purified 
following the procedure described for route (a) above. Route (b) was used for 
synthesizing the other metal Pcs since it was less time consuming and the reaction 
conditions were milder than the former, which required higher temperatures and longer 
heating time. Also it should be noted that the yield was higher for route (b). In both 
cases, the purity ofthe CoTMPyPc (13) was confirmed by TLC. 
CoTMPyrPc (13) Yield: 40%, IR (KBr) v/cm-1: 2931, 2863, 2377, 1549, 1374, 
1306, 1184, 1091,920,758. UV-Visible (DMF) Amax/nm (log B) (DMF): 668 (5.06), 603 
(4.54), 333 (4.93). Elemental analysis: C48H24CoNl6S4 (13) (1175 gmorl): Cald: C, 
56.97%; H, 2.39%; N, 22.14%. Found: C, 56.23%; H, 2.40%; N, 21.85%. 
82 
Chapter Two Experimental 
2.5.3.2 Synthesis of the other metal containing tetramercaptopyrimidyl-
phthalocyanines (Metal-TMPyrPc). 
A method similar to route b (Scheme 3.4) was followed, with a slight 
modification. A solution of 0.3 g (0.31 mmol) of 47 in dry DMF was heated under reflux 
for 15 mins. Li metal (5 mg, 0.71 mmol) was added and the reacting mixture was 
refluxed for another 30 mins. Metal salt (zinc acetate or manganous chloride, - 0.06 
mmol) was added and the mixture was stirred under reflux for one hour. After cooling, 
the product was poured into a beaker containing 60 mL methanol. The precipitated MPcs 
were centrifuged and treated with Soxhlet extraction using methanol for 24 hrs. The 
products were finally purified by colurrm chromatography using THF as eluting solvent. 
The purity of the various MPcs was confumed by TLC. The products were dried in 
MnTMPyrPc (14): Yield, 50%. IR (KBr) v\cm-1: 3437,2928,2855,2368, 1555, 
1379,1318,1177,1059,620. UV-Visible (DMF) A."",,/nm (log E) (DMF): 720 (4.62), 
626 (4.40), 500 (3.75), 350 (4.43). Mixture of complexes hence no elemental analysis 
was done (see Chapter Three). 
ZnTMPyrPc (15): Yield, 55%. IR (KBr) v\cm-1: 3437,2931,2863,2374, 1641, 
1556, 1377, 1185, 1082, 895, 750. UV-Visible (DMF) A.",,,/nm (log E) (DMF): 678 
(5 .35),615 (4.64), 356 (4.9). lH NMR: 7.36 (t,8H), 7.95 (dAH), 8.29 (s,4H), 8.72 (s, 8H). 
Elemental analysis: C4sH24ZnN16S4 (1175 gmorl): Calculated: C, 56.61%; H, 2.38%; N, 
22.00%. Found: C, 55.67%; H, 2.12%; N, 23.00%. 
83 
Chapter Two Experimental 
2.5.4 Chromium {(OH)CrTAPc} (19) and Manganese 
{(OH)MnTAPc} (20) Tetraaminophthalocyanine4°O 
(Scheme 3.5) 
Complexes, 19 and 20, were made by first synthesizing chromium 
tetranitrophthalocyanine (50) and manganese tetranitrophthalocyanine (51) and then 
converting them to desired MTAPc species. 4-Nitrophthalimide (35) (2.0 g, 0.0 I mol), 
0.0025 mol metal chloride, 0.04 g (0.4 mmol) ammonium molybdate and excess urea 
(about 3 g, 0.05 mol) were finely ground together and added to a round bottom flask 
containing 10 mL nitrobenzene. The mixtures were heated under reflux for 5 hours 
between 180-190 DC. The solid products were filtered and washed with methanol and 
then transferred into a thimble. The products were subjected to Soxhlet extraction 
overnight using methanol to remove the remaining nitrobenzene. The resulting deep 
green solids were treated with I M HCI (30 mL) saturated with sodium chloride (NaCI) 
by boiling for 5 minutes. The solid products were isolated by centrifuge and transferred 
into a beaker containing I M NaOH saturated with NaCl. The mixtures were heated at 90 
°c for 30 minutes and isolated, after cooling, by centrifuge. The isolated products were 
treated two times (each), with 1.0 M HCI and NaOH. The resulting dark solids (50 and 
51) were washed with water until free from NaOH and dried at 100 °C overnight. 
Complexes 50 and 51 were then converted to (OH)CrIIlTAPc (19) and (OH)MnIIlTAPc 
(20) by addition of sodium sulphide monohydrate to slurries of CrTNPc (or MnTNPc), 
respectively, and stirred for 5 hrs. The products were isolated by centrifuge and treated 
with 1.0 M HCI (180 mL). The products were isolated again by centrifuge and transferred 
into 120 mL of 1.0 M NaOH and stirred for one hour. Finally, the solid products were 
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isolated by centrifuge and washed with water until free from NaOH and dried overnight 
at 100 °C. Scheme 3.5 shows a simplified synthetic route for the preparation of chromium 
and manganese tetraaminophthalocyanine complexes. 
CrTNPc (50): Yield: 40%. IR (KBr disk) v/cm-\: 3444(vOH), 1626, 1536, 1333, 
1144,1082,759,728. 
CrlllT APc (19): Yield: 88%. IR (KBr disk) v/cm-\ : 3442 (NH), 3350 (V-OH) ' 3282, 
3190, 1608,1415,1348,1306,1254,1138,1099, 1055, 860 (vc,-o), 826, 826, 760, 730. 
UV-Visible (DMF) Am",/nm (log E) (DMF): 363 (4.54), 450 (3.01), 502 (3 .01), 665 
(3.19),735 (4.8). 
MnTNPc (51): Yield: 40%. IR (KBr disk) v/cm-\: 3440(v-OH), 1624, 1530, 1353, 
1140, 1079,755,725. 
(OH)MnlllTAPc (20): Yield: 85%. IR (KBr disk) v/cm-\: 3438 (NH), 3340 (V-OH), 
3282, 3190, 1608, 1415, 1348, 1306, 1254, 1138, 1099, 1057, 870 (VMn-O), 826, 760, 730 
UV-Visible (DMF) Amaxlnm (log £) (DMF): 350 (4.80), 500 (4.44), 780 (4.71). 
2.6 Electrochemical methods 
2.6.1 General Conditions 
Electrochemical data were collected from either BioAnalytical Systems (BAS) 
model 100B/W electrochemical workstation or BAS CV-50W voltammetric analyzer or 
Voltalab® PGZ 301 (Radiometer analytical). A conventional three-electrode 
electrochemical cell was used. The working electrodes were either a BAS glassy carbon 
electrode (GCE, 3 mm) or indium tin oxide (ITO) on glass, platinum wire and AglAgCI 
served as counter and pseudo-reference electrodes, respectively. The type of working 
electrode, GCE or ITO will be indicated where employed in the discussion. Electrical 
contact between the ITO electrode and the potentiostat was achieved by attaching a 
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copper foil containing conducting glue on the reverse side to the conducting side of the 
ITO. All electrochemical experiments involving organic solutions were performed in 
freshly distilled DMF or DCM containing 0.1 M tetrabutylammoniumtetraflouoroborate 
(TBABF4) or 0.1 M tetraethylammoniumperchlorate (TEAP) (depending on availability), 
while phosphate or acetate buffered solutions were used for all experiments in aqueous 
media. Prior to all electrochemical experiments, the solutions were flushed with dry 
nitrogen or argon to remove oxygen from the solution. A N2, or argon atmosphere was 
maintained throughout the duration of the electrochemical experiments. The working 
electrode (GCE) was polished with alumina on a Buehler-felt pad followed by washing 
thoroughly with deionized water collected from Milli-Q Millipore water purification 
system. The electrode was then washed with a generous supply of methanol and finally 
with DMF, DCM or phosphate or acetate buffer solution (depending on the medium in 
which the experiment is to be carried out) before transferring to the electrochemical cell. 
An optically transparent thin-layer electrochemical (OTTLE) cell, described by Hartl and 
Danek401 was employed for spectroelectrochemical studies. The OTTLE cell was 
connected to a BAS CV 27 voltammograph and the spectral changes of the electrolyzed 
species was monitored with Cary 500 UV -Vis-NIR or Cary I E spectrophotometer. The 
OTTLE cell contained Pt minigrid working and counter electrodes and si lver wire pseudo 
reference electrode. The experiments were performed by recording each spectral trace 
following application of the appropriate potential for a known time period, or by 
continuously recording the spectra while potential is applied. The method employed for 
each experiment will be stated in the Figure caption. 
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2.6.2 Electrode modification 
Electrode modification was achieved by employing either the drop dry method, 
electropolymerization or self-assembled monolayer (SAM) technique. For the drop dry 
method, two drops of I mM of the MPc were placed on the surface of a polished GCE. 
The electrode was allowed to dry in air. It was finally kept in the oven (at - 80 0c) for 
three hours. The electrode was finally rinsed in THF or OMF or OMSO (depending on 
the solvent in which the phthalocyanine solution was prepared), before it was used for 
electrocatalytic studies. The ITO electrodes were modified by either, dipping the 
electrodes into monomer solutions of the respective MPcs and drying in air after removal 
from the solution, or by electropolymerization. 
Electropolymerization was achieved by repetitively scanl11ng a so lution 
containing monomeric MPc in OCM or OMF at a scan rate of 200 m V S·I, using cyclic 
voltammetry, in the presence ofTBABF4 or TEAP (- 0.1 M) as electrolytes. The specific 
scanning potential range and concentration of MPc will be presented in the relevant 
sections. 
For the formation of self-assembled monolayers, the gold electrodes (radius = 
0.8mm) were first polished with slurries of alumina «10 flm) and SiC-emery paper (type 
2400 grit) , and then on a Buehler felt pad. The electrode was then placed in ethanol and 
subjected to ultrasonic vibration to remove possibly trapped particles at the surface. The 
electrode was then etched in a hot "piranha" solution {1 :3 (v/v) 30% H20 2 and 
concentrated H2S04 } to remove trace organic contaminants on the electrode surface. 
Following this, the electrode was cycled, in 0.05 M H2S04 solution, between - 0.5 V and 
1.2 V vs. AglAgCI at a scan rate of 100 mVs·1 until a steady reproducible voltammogram 
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was obtained. This potential scanning ensures the removal of gold oxides and it prepares 
the electrode for the best possible adsorption of the MPcS. '62,402 The electrode was then 
immediately transferred into a I mM solution of the MPc in THF for 24 hours at room 
temperature. Upon removal from the deposition solution, the electrodes were thoroughly 
rinsed with THF (or ethanol, depending on the deposition solvent) and stored in pH 7.0 
phosphate buffer solution for further electrochemical experiments. Self-assembly could 
also be done in solvents such as DCM, DMSO, ethanol and CHCh. 
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Syntheses and Spectral Characterization 
The following metallophthalocyanine (MPc) complexes were synthesized in this 
thesis - Fig 3.1 shows the structures and Table 3.1 the names, abbreviations and 
numbers of the complexes: 
,i~{, 
« : » -...::::, , ~-...::::, R N-M-N R ~ ,-- ~ ~ : 
'tr' 
R 
R: 
MTPhPyPc: 
M = Co (7), Fe (8). Mn (9). Ni (10). Zn (11) 
CoTPOPyPc: 
Co (12) 
MTMPyrPc: 
M = Co (13). Mn (14). Zn (15) 
MTETPc: 
M = Co (16). Mn (17). Zn (18) 
~ O~S.? 
MTAPc: 
M = Cr (19). Mn (20) N H z 
Fig 3.1: Summary of the tetra- pyrrole, thiophene. pyrimidin and ammo functionalized 
metallophthalocyanine complexes studied in this work. 
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Table 3 I List of the MPc complexes synthesized. 
Name ofMPc complex Abbreviation Number 
Cobalt-tetra-{ 4-(pyrrol-l -yl)} phenoxyphthalocyanine. CoTPhPyPc 7 
Iron-tetra-{ 4-(pY1Tol-l-yl)} phenoxyphthalocyanine. FeTPhPyPc 8 
Manganese-tetra-{ 4-(pyrrol-I-yl) }phenoxyphthalocyanine. MnTPhPyPc 9 
Nickel -tetra-{ 4-(pyrrol-l-yl)} phenoxyphthalocyanine. NiTPhPyPc 10 
Zinc-tetra-{ 4-(pyrrol-I-yl) }phenoxyphthalocyanine. ZnTPhPyPc 11 
Cobalt-tetra-{ 5-(pyrrol-l-yl)} pentoxyphthalocyanine. CoTPOPyPc 12 
Co bal t -tetra-(2 -mercapto )pyri midinephthalocyani ne . CoTMPyrPc 13 
Manganese-tetra-(2-mercapto )pyrimidinephthalocyanine. MnTMPyrPc 14 
Zinc-tetra-(2 -m ercapto )pyrim i dinephthal ocy anine. ZnTMPyrPc 15 
co bal t-tetra-4-{2 -(2-thieny l)ethoxy ) phthaloc yanine. CoTETPG! 16 
Manganese-tetra-4-{2 -(2-thi en y l)ethoxy ) phthal ocyanine. MnTETPc 17 
Zinc-tetra-4-{2-(2-thi eny I )ethoxy } phthal oc y anine. ZnTETPc 18 
Chromium-tetraaminophthalocyanine. CrTAPc 19 
Manganese-tetraaminophthalocyanine. MnTAPc 20 
This chapter will dwell on the synthesis spectroscopic properties of the synthesized 
metallophthalocyanine complexes. Table 3.2 shows the list of IR vibration peaks for the 
complexes studied in this work. 
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Table 3.2: List of MPc complexes studied in this thesi s: their abbreviations, complex 
numbers and IR vibrations 
Complex No IR vibration (KBr disk) v/cm· 
CoTPhPyPc 7 2923, 2852, 1606, 1515, 1462, 1236(C-O-C), 1096,835,72~ 
FeTPhPyPc 8 3436,2955,2922,2859, 1610, 1510, 1472, 1233(C-O-C), 
1077, 831 , 726. 
(C1)MnIIITPhPyPc 9 3437,2944, 2859, 1606,1514, 1468, 1234(C-O-C), 1071 , 
808, 720, 285 (MnIII_CI) . 
NiTPhPyPc 10 3423,2958,2923,2845, 1609, 1514, 1461 , 1236(C-O-C), 
1096, 808, 720. 
ZnTPhPyPc 11 3433, 2924,2845,1609,151 1,1478, 1232(C-O-C), 1090, 
833,728. 
CoTPOPyPc 12 3330, 3080, 2935, 2880, 1610, 1490, 1235(C-O-C), 1190, 
1088,960, 723. 
CoTMPyrPc 13 2931 , 2863 , 2377, 1549, 1374, 1306,1184,1091,920,758. 
MnTMPyrPc 14 3437, 2928, 2855,2368,1555, 1379, 1318,1 177, 1059,620. 
ZnTMPyrPc 15 3437, 2931,2863,2374, 1641 , 1556, 1377, 1185,1082, 895, 
750. 
CoTETPc 16 3417,1610,1482,1390,1338, 1235(C-O-C), 1080, 1040, 
826, 695,620. 
(C1)MnIlITETPc 17 3410, 1612, 1489,1387,1340, 1235(C-O-C), 1080, 1041, 
826, 700, 625, 287 (Mnlll-Cl). 
ZnTETPc 18 3416,1610,1482,1386,1333, 1232(C-O-C), 1081 , 1043, 
823,694,620. 
(OH)CrTAPc 19 3442 (NH), 3350 (V.OH), 3282, 3190,1608, 1415, 1348, 1306, 
1254, 1138, 1099, 1055,860 (vee.o), 826,826,760, 730. 
(OH)MnTAPc 20 3438 (NH), 3340 (V.OH), 3282, 3190, 1608,1415,1348,1306, 
1254, 1138, 1099,1057,870(vM.o),826,760,730. 
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3.1 N-Pyrrole Substituted Phthalocyanines (7-12) 
3.1.1 N-Phenoxy Pyrrole (7-11) 
Pyrrole-substituted porphyrins have been synthesized and used to form well 
structured multi-layer films through their direct electropolymerization onto electrodes.403-
405 In the various reported cases, the pyrrole groups were separated from the porphyrin 
ring via spacer chains. Recently there has been a report on the synthesis of the unique 
example of a pyrrole substituted phthalocyanine complexes.399 The electropolymerizable 
pyrrole group was separated from the phthalocyanine macrocycle by an insulating 
alkylene spacer. In this work electropolymerizable N-pyrrole-substituted 
metallophthalocyanine complexes separated by phenoxy or pentoxy groups are reported. 
The 4-(pyrrol-l-yl)phenol (41) was commercially available, however, the 
5(pyrrol-l-yl)pentanol (40) had to be synthesized from 39 following literature 
methods,399 Scheme 3.1. 5-(Pyrrol-l-yl)pentoxy phthalonitrile (43) and 4-(pyrrol-l -
yl)phenoxy phthalonitrile (42) used for the synthesis of the CoTPOPyPc (12) or 
MTPhPyPc (7-11) were synthesized from 5-pyrrole-l-ylpentan-l -ol (40) and 4-(pyrrol-l-
yl)phenol (41), respectively, by reacting with nitrophthalonitrile following the method 
employed by Trombach el al,399 Scheme 3.2 (a) and 3.2 (b), respectively. 
rZ:e_H_2_N_-../'V'v ___ O_H--iJI.~ 
~ Acetic acid CN~OH 
OMe 
(39) (40) 
Scheme 3.1: Synthetic route for N-pyrrole substituted pentano1 
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C{V\/\OH NCyyOVV'vO NC~ (43) 
(40) 
r:)-Q-OH 
(41) 
~OH ~ h 
c 
O,Nl(YCN 
~CN 
__ ~ __ ~ ____ (_37_) ______ ~ ___ C~~NCX)0~S\ 
DMSO f K,CO, 7 d I ~ U ays NC 
(44) d (45) 
d 7 days 
I '" H (;yS, 
.-<:N 
(46) 
(47) 
Starting reagents Substituted phttBionitriies 
Scheme 3.2: Synthetic route for the functionalized phthalonitri les used in synthesis of the MPcs 
studied in this thesis. 
The characteristic nitrile (C=N) stretch at 2229 em-I of 42 and 43 disappeared 
upon formation of the phthalocyanine. The ether stretching frequencies are prominent in 
the phthalonitriles (42 and 43) and the resulting phthalocyanines, Table 3.2. The 
synthesis of the 4-(pyrrol-l-yl)phenoxy substituted metal1ophthalocyanine (H2 TPhPyPc, 
48) complex was achieved using a method different from that previously reported/99 in 
that a metal free derivative was synthesized first, then metal1ated using the metal acetate, 
(Scheme 3.3), instead of direct reaction of the phthalonitrile with the metal salt. Also a 
solvent mixture of l-pentanollDMSO (4:1 v/v) was used instead of the single so lvent 
(pentanol). Preparation of the complexes via the metal free derivative (48) resulted in 
high yield and purer compound. The cobalt complex CoTPhPyPc (7) was used as an 
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example for mass spectral analysis, and the results obtained (m/z 1200 (M +1» confirmed 
the formation of the pyrrole substituted derivatives. CoTPhPyPc (7), FeTPhPyPc (8), 
MnTPhPyPc (9), NiTPhPyPc (10) and ZnTPhPyPc (11) complexes were found to be 
soluble in common organic solvents such as OMF, OCM, THF and OMSO. The 
complexes were further characterized by UV -Visible, infrared (IR) and NMR spectra. 
The ether stretching vibrations for these Pcs was observed in the range of 1230-1236 cm-
], Table 3.2. Also the Mnlll_CI stretching vibration was observed at 285 cm·] confirming 
CI coordination to the central metal in the (CI)MnIllTPhPyPc (9) complex. 
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R R 
,11 ,11 
R~N_HNH_N~R R~N-H H-N~R  ~ . .  ~~1J' ,,' "<OM"''''',.,, '1J' 1 ~ (b), Pentanol, Li ~ I ~ 
reflux,1h 
R 
R Pentanol, Li 
48 reflux, 1 h 49 
Pentanol , 
metal salt, 
reflux,1h 
7, 8,9,10,11 
NCl(YR 
NC~ 
42,43 
Pentanol, Li 
metal salt, 
reflux, 2h 
M = 7 (Co), 8 (Fe), 9 (Mn), 10 (Ni) , 11 (Zn) 
For 7, 8, 9 ,10, 11,42 and 48, 
R= O-{ }-N:J 
Pentanol, 
cobalt acetate, 
reflux, 2h 
DMSO, 
cobalt acetate, 
reflux, 1 h 
For 12, 43 and 49, 
R=O~O 
Scheme 3.3: Synthetic routes for the preparation of pyrrole substituted phthalocyanine 
complexes. 
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lH NMR spectra of the free-base ligand 48 which was used in synthesizing all the 
metallated complexes, gave characteristic resonances due to the peripheral (1,4 positions) 
protons of the phthalocyanines. These were observed as singlets at 9.12 ppm, integrating 
for a total of 8 protons. In addition, 2,3 protons for the phthalocyanine ring were observed 
at 8.61 ppm and integrated for four protons. The protons for the pyrrol-phenoxy 
substituents integrated correctly. 
Fig. 3.2 shows electronic absorption spectra of the 4-(pyrrol-I -yl)phenoxy 
substituted phthalocyanine cobalt, iron, manganese, nickel and zinc complexes. Table 
3.3 shows a summary of the UV-Visible spectra of the complexes studied in this thesis. 
(a) 3 
i _ '\ .....• ii 
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o~~~~~~~~~~~~~~~~~~ 
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Fig 3.2a: Electronic absorption spectra of CoTPhPyPc (7) (i), ZnTPhPyPc (11) (ii), MnTPhPyPc 
(9) (iii) in DMF. Concentration ~ - 1 x 10'" M. 
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Fig 3.2b: Electronic absorption spectra of NiTPhPyPc (10) (iv), FeTPhPyPc (8) (v) in DMF. 
Concentration ~ - 1 X 10'" M. 
The iron and nickel complexes show aggregation as evidenced by the splitting of 
the Q band region observed in Fig 3.lb. In the case of FeTPhPyPc (8), Fig 3.2b (curve 
V), the high energy band at 628 nm may be attributed to the aggregated species thus 
showing that 8 is mainly aggregated. In the case of the NiTPhPyPc (10), Fig 3.2b, the 
high energy peak due to the aggregated species is observed at 621 nm and the peak due to 
the monomeric species at 671 nm. For Ni (10) and Fe (8) complexes, upon dilution, the 
peak due to the aggregates decreases more in intensity relative to the peak due to the 
monomer (Fig. 3.3a and b), confirming that the monomeric species predominates in 
dilute solutions. Note that in the case of the iron phthalocyanine and its derivatives, the 
UV-Visible spectra analysis have been a subject of extensive research due to the 
complexity and the wide variety of species that may be formed in solution. For example, 
perchlorinated iron (II) phthalocyanine dissolved in DMF is known406,407 to react with 
oxygen, resulting in oxidation and formation of a fl-OXO species, Pc·2Felll_O_FelllPc·2, 
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which changes back to the original monomeric species upon reduction. In this study, the 
spectra shown in Fig 3.2b and Fig 3.3a for complex 8 were obtained with freshly 
prepared oxygen-free solutions, showing that they are not related to the fl-OXO species, 
but only to the presence of monomeric species as well as cofacially aggregated species. 
Table 3.3: List ofMPc complexes studied in this thesis: their abbreviations, complex 
numbers, wavelength of absorption maxima (A..naJnm) and extinction coefficients (log E) 
inDMF 
Complex No A..naxlnm (log E) (DMF) 
CoTPhPyPc 7 328 (3.67) , 603 (1.47),665 (4.88). 
FeTPhPyPc 8 327 (6.36), 457 (1.85) , 628 (4.38), 701 (3.12). 
(CI)MnIIITPhPyPc 9 380 (2 .57), 497(0.84), 649 (0.95), 720 (4 .80). 
NiTPhPyPc 10 329 (4.43) , 621 (5.06),671 (4.45). 
ZnTPhPyPc 11 352 (2.27), 609 (4.55), 678 (5.04). 
CoTPOPyPc 12 615 (l.95), 670 (4.40). 
CoTMPyrPc 13 333 (4.93),603 (4 .54),668 (5 .06). 
(CI)MnIIITMPyrPc 14 350 (4.43), 500 (0.85), 626 (4.40, fl-oXO dimer), 686 (2 .38, 
Mnll) 720 (4 .38, MnIII). 
ZnTMPyrPc 15 356 (4.9), 615 (4.64), 678 (5.35). 
CoTETPc 16 333 (4.67) , 603 (4.45), 673 (4.96) . 
(CI)MnIIITETPc 17 368 (4.5) ; 500 (4.0) ; 667 (3.3); 723 (4.7). 
ZnTETPc 18 353 (4.1); 610 (4.5); 676 (5.1). 
(OH)CrTAPc 19 363 (4.54),450 (3.01), 502 (3.01), 665 (3.19),735 (4.8). 
(OH)MnTAPc 20 350 (4.80), 500 (4.44), 780 (4.71). 
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It should be noted that the spectral features are indicative ofMIITPhPyPc species 
except in the case of the manganese (MnTPhPyPc) complex (9), Fig 3.2a (curve iii), 
which exhibits the characteristic features of MnlII species, such as red-shifted Q band and 
a band at 497 nm,407-409 see Table 3.3. The presence of cr axial ligand was confirmed by 
a Mn-CI vibration, as indicated above. This is further discussed below in the 
spectroelectrochemical characterization section. The Q band of the cobalt, manganese 
and zinc complexes in DMF was typical of non-aggregated species, as it can be observed 
in Fig 3.2a, at concentrations lower than I x 10.4 M. Figs 3.3 (c, d and e) show that 
there are no dilution effects on the solution containing species for the cobalt, manganese 
and zinc complexes, as no aggregates have been observed. Beer's law behaviour for the 
cobalt, manganese and zinc complexes was observed at concentrations less than 10.4 M 
and deviation was observed for the iron (8) and nickel (10) complexes at these 
concentrations. A representative Beer's Law plot for the complexes is shown in Fig 3.4, 
which shows a deviation from Beer's Law for the aggregated NiTPhPyPc complex (10). 
Deviations from Beer's Law was also observed for complex 8 (FeTPhPyPc) at 
concentrations of Fig 3.4. 
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Fig 3.3 (a and b) : Changes in the UV-Visible spectra with changes in the concentration of 
complexes 8 (FeTPhPyPc), (a) and 10 (NiTPhPyPc), (b,): (i) at the start (most concentrated) and 
(ii) at the end (least concentrated). Starting concentration - I x 10-' M. 
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Fig 3.3 (c and d): Changes in the UV-Visible spectra with changes in the concentration of 
complexes 7 (CoTPhPyPc), (c) and 9 (MnTPhPyPc), (d): (i) at the start (most concentrated) and 
(ii) at the end (least concentrated). Starting concentration - 1 x 10" M. 
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Fig 3.3e: Changes in the UV-Visible spectra with changes in the concentration of complex 11 
(ZnTPhPyPc). (i) at the start (most concentrated) and (ii) at the end (least concentrated). Starting 
concentration - ] x 10.5 M. 
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Fig 3.4: A representative plot showing Beers law behaviour of the N-pyrrole substituted 
metallophtha]ocyanine complexes. A similar behaviour was observed for 7, 9 and 11 while the 8 
and 10 followed the same pattern. 
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3.1.2 N-Pentoxy Pyrrole (12) 
The metal-free pentoxypyrrole substituted Pc complex H2 TPOPyPc (49) was 
synthesized in dry pentanol while the metallation of the resulting product was achieved in 
DMSO to afford the CoTPOPyPc (12), Scheme 3.4. The IH NMR spectra of the 
H2TPOPyPc (49) showed 1,4 protons at 9.00 and 2,3 protons at 8.41 ppm. IR for both 49 
and 12 showed ether stretching vibrations at 1235 cm· l , Table 3.2. Elemental analysis 
confirmed the formation of complex 12. The UV -Visible spectra of complex 12 in DMF 
and DCM are shown in Fig 3.5, Table 3.3. The spectra show that there is a tendency for 
aggregation in the solvents used judging by the height of the peak at 615 run. It can be 
seen that while the characteristic Q-bands are unaffected, the effect of the solvent is well 
pronounced in the B-band region, in that there is essentially no Soret band peak in DMF 
whi le the complex showed ill-defined peaks at the same region in DCM (Fig 3.5). 
0.4 
OMF •..... •.••••••• & 
B 0.3 OeM I: 
~ 
~ 
0 
E 0.2 
<l: 
0.1 
O.O+-~~~-+~~~~~~~~-+-L~~~+-~~~~~ 
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Wavelength I nm 
Fig 3.5: Electronic absorption spectra of CoTPOPyPc in DCM and DMF. Concentration = - 1 X 
10.6 M. 
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3.2 Metal-tetra-{2-(2-thienyl)ethoxy} phthalocyanine 
(MTETPc) (16-18) (Scheme 3.4) 
The synthesis of 4-{2-(2-thienyl)ethoxy}phthalonitrile (45) was achieved by 
reaction of 2-(2-thienyl)ethanol (44) with 4-nitrophthalonitrile (37) in dry DMSO, 
Scheme 3.2c. The aromatic nucleophilic substitution of the nitro group was facilitated in 
the presence of K2CO) as a base. The ether bond formation was confirmed (JR spectra) 
by the disappearance of the N02 symmetric and asymmetric stretch bands at 1360 cm'! 
and 1540 cm-! respectively (for 45) and the appearance of the ether bond stretches at 
1250 and 1561 cm-!. The fonnation of the respective metallophthalocyanine complexes 
was confirmed by the disappearance of the characteristic C=N stretch at 2228 cm-! of 
complex 45. Cyclotetramerization of the substituted phthalonitrile was achieved in a 
lithium pentanolate mediwn J99 T he direct conversion of the Li2Pc complex to the 
various MPcs was achieved without isolating the unmetallated Pc, Scheme 3.4. IR spectra 
of the Co (16) Mn (17) and Zn (18) complexes gave ether vibrations at 1235 (16) 1235 
(17) and 1232 cm-! (18), Table 3.2. 
ZnTETPc (18) (containing a diamagnetic central metal) was also characterized 
using !H NMR, which gave characteristic resonances due to the peripheral protons of the 
Pc ring at 8.51 ppm as triplets, integrating for 4 protons. Non-peripheral proton peaks 
were observed at 7.15 and 8.92 ppm integrating for 8 protons in total. The protons 
corresponding to the ethylene and thiophene substituents integrated correctly and were 
found at 3.70 and 4.5 ppm, and 7.25 and 7.63 ppm, respectively. 
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Scheme 3.4: Synthetic routes for the preparation of thiophene and mercaptopyrimidin substituted 
phthalocyanine complexes. 
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Fig 3.6 shows the electronic absorption spectra of the complexes (16-18) studied 
in this report and Table 3.3 lists the UV-Visible data. 
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Fig 3.6: Electronic absorption spectra of CoTETPc (16) (i), (Cl)MnTETPc (17) (ii) and 
ZnTETPc (18) (iii) in DMF. Concentration: - 2 x 10-5 M. 
The spectrum of the Mn complex is typical409 of Mnlllpc complexes with a red 
shifted Q band, and a band near 500 run. The presence of the axial chloride ligand was 
confirmed by the presence of the Mnlll-CI vibration at 287 cm- I . For all the other 
thiophene substituted complexes, the central metal is of Mil oxidation state. All the 
complexes exhibited Beer's Law behavior at low concentrations ($ 10-5 M) as shown in 
the insets of Fig 3.7. 
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Fig 3.7 (a and b): Changes in the UV-Visible spectra with concentration for complexes 16 
(CoTETPc) (a) and 17 (MnTETPc). (i): most concentrated. (ii): least concentrated. Inset shows 
the Beer-Lambert Law behavior of the complexes. 
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Fig 3.7c: Changes in the IN-Visible spectra with concentration for compJex (18) (ZnTETPc). (i): 
most concentrated, (ii): least concentrated. Inset shows the Beer-Lambert Law behavior of the 
complexes. 
3.3 Mercaptopyrimidine Substituted Metallo-
phthalocyanine (MTMPyrPc) Complexes (13-15) 
(Scheme 3.4) 
The phthalonitrile (47) was synthesized from compound 46 and shown in Scheme 
3.2. The different metallo mercaptopyrimidin substituted Pcs (complexes 13, 14 and 15) 
were synthesized by the cycloteramerization of 4-(-mercaptopyrimidyl)phthalonitrile (47) 
in pentanol or DMF, Scheme 3.4. For the reactions carried out in pentanol, the 
tetramerization was achieved in the presence of lithium pentanolate, Scheme 3.4 (route 
b). The cobalt and zinc complexes gave satisfactory elemental analysis as shown in the 
experimental section. Since the manganese complex exists as a mixture of compounds, 
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elemental analysis was not employed, only spectroscopic methods were employed fo r its 
characterization. In all cases the di sappearance of the characteristic nitrile (O"N) stretch 
at 2229 cm-' of the phthalonitrile, 47, was indicative of the formation of the MPcs. 
Attempts to obtain a metal free Pc were not successful. ZnTMPyrPc (15) was employed 
for 'H-NMR characterization since it contains a diamagnetic central metal. The 'H-NMR 
spectrum of ZnTMPyrPc (15) gave characteristic resonances due to peripheral and non-
peripheral protons of the Pc ring. The peripheral resonances were observed as singlets at 
8.29 ppm, integrating for four protons. The non-peripheral protons of the Pc ring were 
observed at 8.72 ppm integrating for eight protons. The protons related to the pyrimidine 
rings also integrated correctly at 7. 36 and 7.95 ppm. 
The UV-Visible spectra of compounds 13-15 are represented in Fig. 3.8 (a and b) 
and their absorption maxima are listed in Table 3.3. The electronic spectra of 13 
(CoTMPyrPc) and 15 (ZnTMPyrPc) in DMF are typical of monomeric MPc species, with 
Q bands at 668 and 680 nIn, respectively, Fig. 3.8a. 
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Fig.3.8: UV-Visible spectra of (a) CoTMPyrPc (13) and ZnTMPyrPc (15); (b) MnTMPyrPc (14) 
in DMF. Concentrations: - 5 x 10.6 M. 
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The UV-Visible spectrum for the MnTMPyrPc (complex 14) is shown in Fig. 
3.8b. The spectrum consists of three bands corresponding to three different species in 
solution. This is typical of the following MnPc species in equilibrium in DMF that has 
not been deaerated , as suggested by Lever et at08 (Equation 3.1-3.5): 
PcMnll + 0 2 PcMnlll(02) 3.1 
PcMnlll(02) + PcMnll PcMnlll-O -Mnlllpc 2 3.2 
PcMnlll-O -Mnlllpc 2 2 PcMnivO 3.3 
2 PcMnivO + 2 PcMn11 2 PcMnlll-O-MnIliPc 34 
net 4 PcMn" + O2 • 2 PcMnlll-O-Mnlllpc 3.5 
The presence of the Mnll, Mnlll and ~-oxo MnPc species was confirmed by monitoring 
the transformations of the MnTMPyrPc in DMF solution when not de-aerated and when 
de-aerated with dry N2 gas. 
Fig 3.9a (i) shows the UV-Visible spectra recorded for the MnTMPyrPc complex 
in DMF before de-aerating. In the presence of O2, Mnllpc forms an oxygen adduct which 
has been described408 as a (02-)Mnlllpc species and absorbs near 705 nm. Thus the 
absorption band at 719 run is typical of Mnlll complex with a characteristic charge 
transfer (eT) band at 497 run . The peak at 626 run is typical of ~-oxo (PcMnlll -O-
Mnlllpc) species and the peak at 686 run is due to Mnllpc in comparison with literature,408 
see listed assignment in Table 3.3. 
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Fig. 3.9 (a and b): UV-Visible spectral changes observed for MnTMPyrPc (14): (a) spectra before 
(i) and 15 minutes (ii) after de-aerating with N,. (b): spectra before (i) and 30 minutes (ii) after 
bubbling 0,. The initial spectrum in (b) (i) is the same as the final spectrum in (a) ii. The 
concentration of MnTMPyrPc is - 5 X 10.6 M. 
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Fig. 3.9c: UV-Visible spectral changes observed for MnTMPyrPc upon addition of imidazole (1 x 
10.3 M) to solutions of solutions of MnTMPyrPc. (i) is a freshly deaerated solution of 
MnTMPyrPc and (ii) is the spectrum 10 min after addition of imidazole. The concentration of 
MnTMPyrPc is - 5 x 10" M. 
When the solution was deaerated with dry N2, the peaks due to MnlIl at 719 and 
497 nm decreased in intensity accompanied by an increase in the intensity of the peak 
characteristic of Mn"Pc species at 686 nm, Fig. 3.9a. Also note that the peak at 626 nm 
(associated with fl-OXO MnPc species) decreased in intensity with time on bubbling 
nitrogen. No further spectral changes were observed on bubbling nitrogen for prolonged 
periods, Fig 3.9a (ii) was the final spectrum obtained. Fig. 3.9b shows the spectral 
changes observed when oxygen was bubbled through the solution formed from Fig. 3.9a 
(ii) . It can be seen that the peak associated with fl-OXO MnPc species adduct increased in 
intensity relative to the other peaks showing the involvement of molecular oxygen in the 
transformations ofthe MnTMPyrPc. 
Addition of electron donors such as imidazole is expected to result in the 
reduction of the fl-oXO dimer. Since as observed in Fig. 3.9a, bubbling nitrogen did not 
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completely monomerize the dimer, imidazole was added with the aim of converting the 
dimer to an (imidazole)2MnPc species. Fig. 3.9c shows spectral changes observed on 
addition of imidazole to the solution of MnTMPyrPc in deaerated solutions. The peak due 
to the ~-oxo dimer is still observed at 626 nm and peaks at 666 and 820 nm are typical of 
axially ligated (imidazole)2MnIlpc species:08 The peak in the 500 nm region has been 
observed for both MnIlpc and MnlIlpc species409-411 Addition of imidazole derivatives to 
(02)MnPc has been reported408 to initially result in the formation of (imidazole)2 MnIlpc 
species (with a band at 816 nm) followed by the formation of the ~-oxo dimer, and 
spectral changes in Fig_ 3.9c are consistent with the presence of both ~-oxo dimer and an 
axially ligated MnIlpc species. Thus it was not possible to form only the Mnllpc species. 
Beer's law behavior was observed for the Co (13) and Zn (15) complexes. For the 
Mn complex, the peak attributed to the MnlIlpc species at 719 nm decreased with 
concentration to a larger extent than the ~-oxo peak, Fig 3.10. Comparing Fig 3.10b with 
3.8b shows that the peak due to Mnllpc is nonexistent in the former. This may be due to 
the complicated nature of MnPc complexes which may change from one species to 
another with time. Fig 3.10b was obtained months after the synthesis of complex 14 
while Fig 3.8b was obtained from a freshly prepared complex. Fig 3.10 (a-c) shows the 
UV -Visible spectral features of the pyrimidin substituted complexes upon dilution in 
DMF. It can be seen in the case of the Mn complexes that the peak associated with the ~­
oxo dimer species persisted in terms of its intensity compared to the other peaks in the 
spectra. 
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Fig 3.10 (a and b): Changes in the UV-Visible spectra with concentration of complexes 13 
(CoTMPyrPc) and 14 (MnTMPyrPc). (i): most concentrated, (ii): least concentrated. 
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3.4 Tetra Substituted Amino-derivatized 
metallophthalocyanine (MTAPc) Complexes 
The precursors for the MTAPc complexes are the tetranitrophthalocyanine 
complexes 50 and 51 which were synthesized and characterized according to procedures 
published for the synthesis of the cobalt derivative400 The complexes gave satisfactory 
spectroscopic characterization. The synthetic procedure involved the conversion of 4-
nitrophthalimide (35) to the chromium or manganese tetranitrophthalocyanine (CrTNPc 
or MnTNPc) (50 or 51) in the presence of chromium chloride (or manganous chloride) 
and urea, using ammonium molybdate as catalyst (Scheme 3.5). 
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(50, 51}: 
M = Cr (50), Mn (51) 
ii = ammonium molybdate, 
iii = excess urea, 
iv = Na,S:9H,O 
Scheme 3.5: A simplified synthetic route for the preparation ofCrTAPc and MnTAPc. 
Fig 3.11 shows the UV-Visible spectra of the synthesized chromium, (CrTAPc) 
(19), and manganese, (MnTAPc) (20), tetraaminophthalocyanine complexes. The 
spectrum in Fig 3.11 (curve i) is typical of CrlIIpc species. The band in the 500 nm 
region has been assigned to ligand to metal charge transfer (LMCT) transition in CrlIIpc 
complexes,,09 Thus the presence of this band in Fig 3.11 (curve i) suggests that the 
complex synthesized in this work is the CrlIITAPc species. An OR ligand balanced the 
charge in this molecule to form (OH)CrIlITAPc. The presence of OR as an axial ligand 
was confirmed by IR spectra which showed NH vibration at 3442 em-I, O-H vibration at 
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3350 cm·! and a Cr-OH vibration at 860 cm·!, Table 3.2. The presence of hydroxide as an 
axial ligand is an artifact of purification which included treatment with NaOH. The 
presence of OH as an axial ligand was confirmed by IR as stated above . 
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Fig 3.11: UV-Visible spectra of (i) CrTAPc (19) and (ii) MnTAPc (20) in DMF. Concentration: 
_10.5 M. 
Both complexes, CrTAPc and MnTAPc, were synthesized and purified following 
the same procedure. The presence of OR" as an axial ligand is not surprising on the 
MnTAPc. The IR spectrum which showed NH vibration at 3438 cm·!, OH vibration at 
3340 cm·! and a Mn-OH vibration at 870 cm·! , Table 3.2. Therefore the complex 
synthesized is represented as (OH)MnlllTAPc. Fig 3.11 (curve ii) shows the typical UV-
Visible spectrum of (OH)MnlllTAPc in de-aerated DMF. The color of the 
(OH)MnlllTAPc in DMF was reddish-brown. This unusual color may explain the 
"extended" red shifting of the Q-band of the complex in the UV -Visible spectrum to 780 
nm (Fig 3.11 (curve ii)) , Table 3.3. The spectrum of the MnTAPc complex is typical407 of 
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Mnlllpc complexes with a red-shifted Q band, and a band near 500 nm. The presence of a 
band in the 500 nm region before reduction suggests that the oxidation state of the central 
metal is + 3, hence the complex synthesized may be represented as (OH)Mn IllTAPc·2 
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Electrochemical Properties 
In this chapter, the electrochemical characterizations of the synthesized 
metallophthalocyanine complexes are discussed in detail. The techniques employed 
for the characterization include: cyclic voltammetry (CV) and Osteryoung square 
wave voltammetry (OSWV). Also spectroelectrochemistry was used to further 
confirm the assignments of the redox processes based on the results obtained from the 
CV and OSWV. The experimental set-ups are as described in Chapter Two under 
electrochemical techniques. 
Chapter Four Electrochemical Properties 
4.1 Pyrrole Substituted Metallophthalocyanine 
Complexes (7-12) 
4.1.1 Cyclic and square wave voltammetry 
Fig 4.1 shows the cyclic voltammograms of the prepared pyrrole substituted 
phthalocyanine (TPhPyPc) complexes of Co (7), Fe (8), Mn (9), Ni (10) and Zn (11) in 
DMF containing 0.1 M TEAP. Table 4.1 summarizes the redox potential values for all 
the examined phenoxypyrrole and pentoxypyrrole substituted MPc complexes. Three 
redox processes labelled I, II and III are observed in the case of CoTPhPyPc (7) (Fig 
4.1a). It is known that the electrochemical behaviour of cobalt phthalocyanine complexes 
is dependent on the media and that in coordinating solvents such as DMF, the first 
oxidation process occurs at the central metal407 and it is irreversible.407-41 2 Thus, the 
process labelled I observed at 0.75 V (vs. AgIAgCI) is due to metal oxidation and the 
formation of ColllTPhPyPc species. The two redox couples labelled II and III observed at 
- 0.13 V and - 1.19 V (vs. AgIAgCI), respectively, may be assigned to CollTPhPyPc' 
2/CoITPhPyPc·2 and to CoITPhPyPc·2/CoITPhPyPc·3 in comparison with literature data.407 
For these redox couples, the cathodic to anodic peak currents are near unity, but cathodic 
to anodic peak separations (L1E) are 150 m V (III) and 200 m V (II) , suggesting quasi-
reversible behaviour. Also, the peak currents increased linearly with the square root of 
scan rates, for scan rates ranging from 50 to 800 mVs·1 suggesting diffusion controlled 
electrode process. The oxidation of the pyrrole groups attached to macrocyclic N4 ligands 
has been reported to be near 1.0 V (vs. SCE) in several solvents399,403.4o; and for complex 
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7, the pyrrole oxidation peak was observed it at a potential around 1.2 V (vs. AgJAgCI) as 
indicated by the peak labelled (*) in the OSWV (Fig 4.la). label 
Table 4.1: Redox potentials Ell, Ep,1V (vs. AgjAgCI) for CoTPhPyPc, FeTPhPyPc, MnTPhPyPc, 
NiTPhPyPc, ZnTPhPyPc and CoTPOPyPc complexes measured in DMF containing 0.1 M TEAP 
solution. Electrode: GCE. Scan rate = 100 mVs·l . 
Couple I Couple II Couple III 
Complex Other 
M lIipc·2 I M"Pc·2/M"Pc·3, Mll pc·3/M llpc·4, processes 
M"Pc·2 (M llpc·2/MlpC·2)b (M1pc·2 I M1pc·3)b 
CoTPhPyPc (7) 0.75c 
- 0.13 - 1.19 1.2: 
Pyrrole 
FcTPhPyPc (8) 0.37 - 0.33 - 0.87 
MnTPhPyPc (9) 0.15 - 0.65 
- 1.23 
NiTPhPyPc (10) - 0.53 
- 0.88 
ZnTPhPyPc (11) - 0.53 
- 0.88 
0.76: 
CoTPOPyPc (12) 0.34 - 0.52 
CO"IPC·I/CO'''PC·2, 
0.98: 
Pyrrole 
a .11 : 11 
observed for Mn , Nl and Zn 
bob served for CO't, and Fe" species 
cEpa since the redox process is irreversible 
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Fig 4.1 (a and b): Cyclic voltammograms of (a) CoTPhPyPc (7) and (b) FeTPhPyPc (8) in DMF 
containing 0.1 M TEAP. Scan rate = 100 mVs", concentration = -1 x 10.4 M. Electrode: GCE. 
Curves above the CVs are the square wave vo1tammograms. 
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(c) 
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Fig 4.1 c: Cyclic voltammograms of MnTPhPyPc, 9 in DMF containing 0.1 M TEAP. Scan rate = 
100 mVs", concentration = -1 x 104 M. Electrode: GCE. The curve above the CV is the square 
wave voltarnmogram for complex 9 under the same condition at the CV. 
(d) 
+ 
·1600 ·1100 ·600 ·100 400 900 
E I mV (VS. AglAgCI) 
Fig 4.1d: Cyclic voltammograms ofNiTPhPyPc, 10 in DMF containing 0.1 M TEAP. Scan rate = 
100 mVs", concentration = -1 x 104 M. Electrode: GCE. 
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(e) 
II + 
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Fig 4.1 (e): Cyclic voltarnrnograms of ZnTPhPyPc (11) in DMF containing 0.1 M TEAP. Scan 
rate = 100 mVs·', concentration = -1 x 10'" M. Electrode: GCE. 
Fig 4. 1 b shows the cyclic and square wave voltammograms of the iron complex, 
FeTPhPyPc (8). As shown in Chapter Three, this complex is highly aggregated, and will 
be more aggregated at the concentrations used for cyclic voltammetry, hence the 
observed voltammetric peaks in Fig 4 .1 b are mainly due to the aggregated species, with 
some contribution from the monomeric component. As observed for the cobalt complex, 
three main redox processes (I to III) are observed for FeTPhPyPc. The oxidation process 
I (at 0.37 V) shows a return peak, which is weaker than the forward one. It can be 
assigned to the FelIlTPhPyPc·2/FeIlTPhPyPc·2 process, since it is the potential range for 
Fell oxidation in phthalocyanine complexes 407 The origin of the weak peak negative of 
the anodic component of process I , (labelled I') cannot be easily assigned, but it is 
noticeable that it decreased in intensity upon repeated successive scans. Couples II and 
III observed at - 0.33 V and - 0.89 V (vs. AgIAgCI), respectively are found to be 
reversible with the ratio of cathodic to anodic peak currents being near unity, and 
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cathodic to anodic peak separation (6E) of 100 mY, (6E = for 90 mV 
ferrocene/ferrocenium couple). They can be assigned to Fe"TPhPyPc·2/FeiTPhPyPc·2 and 
Fe iTPhPyPc·2/FeiTPhPyPc·3, respectively, in comparison with li terature data4 04 
Figs 4. 1 (c-e) show cyclic voltammograms of MnTPhPyPc, NiTPhPyPc and 
ZnTPhPyPc complexes, respectively. In the case of MnTPhPyPc (9) (Fig 4.lc), three 
clearly defined redox couples (I to Ill) are observed. Mn"_Pc complexes are known to 
undergo redox activity both at the metal and at the ring. They are readily oxidized,,04 at 
oxidation potentials ranging from 0.1 V to - 0.23 V (vs. SCE). Thus, couple I at 0.15 V 
(vs. AgIAgCI) can be assigned to the Mn"iTPhPyPc·2/MnIlTPhPyPc·2 redox process. As 
will be shown later, spectroelectrochemistry confirmed this assignment. Couples II 
(- 0.65 V vs . AgIAgCI) and III (- 1.23 V vs. AgIAgCI), Table 4.1, can be assigned to 
MnllTPhPyPc·2/MniiTPhPyPc·3 and MnllTPhPyPc·3/Mn"TPhPyPc'" respectively. These 
assignments will be confirmed below using spectroelectrochemistry. 
For the nickel complex NiTPhPyPc (10) (Fig 4.ld), all the observed couples are 
ring based since the central metal is known407 to be electrochemically inactive for nickel 
phthalocyanine complexes. Thus, couples II (- 0.53 V) and III (- 0.88 V) in Fig 4.ld can 
be assigned to NiIlTPhPyPc·2/NiIlTPhPyPc·3 and NiIlTPhPyPc·3/NiIlTPhPyPc"', 
respectively. Zinc phthalocyanine complexes are also not known to show redox activity 
at the central metal. Hence, the redox couples observed for ZnTPhPyPc (II, - 0.53 V) in 
Fig 4.le are associated with ring based processes, Zn"TPhPyPc·2/ZnIlTPhPyPc·3 (ll) and 
ZnllTPhPyPc·3/ZnllTPhPyPc'" (Ill, - 0.88 V), respectively. All the observed redox 
couples showed quasi-reversible behaviour. 
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The electrochemical behaviour of the pentoxypyrrole substituted CoPc 
(CoTPOPyPc, 12) was also investigated. It was found that the complex was soluble in 
DCM and most organic solvents such as DMSO, THF and chloroform. Fig 4.2 shows the 
typical cyclic voltammogram obtained for complex 12 in de-aerated DMF containing 0.1 
M TBABF4 at a glassy carbon electrode (GCE). 
14 pA II 
I I . I . . . I . I 
-1500 -1000 -500 0 500 1000 
110 pA 
E I mV (vs. Ag/AgCI) 
.---::::: + 
II 
-1400 -900 -400 100 600 1100 
E I mV (vs_ AgIAgCI) 
Fig 4.2: Cyclic and square wave voltarnmograms of CoTPOPyPc in DMF containing 0.1 M 
TBABF •. Scan rate = 100mVs". 
Four redox processes labelled I, II, V and VI are observed (Fig 4.2). Table 4.1 
lists the redox potentials. The quasi-reversible process labelled I (0.34 V) is observed at 
potentials typical for metal oxidation in ColIpc complexes in coordinating solvents such 
as DM~04 and is thus assigned to COIIlTPOPyPC·2/COIlTPOPyPC·2 redox process. The 
ox idation process labelled V (E y, = 0.76 V) is due to the first ring oxidation and is 
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assigned to ColllTPOPyPC·I/COlllTPOPyPC·2 in comparison with Iiterature 4 04 ,409 The 
redox couple labelled II observed at Ey, = - 0.52 V vs . AglAgCl is assigned to 
CollTPOPyPc·' ICoITPOPyPc·' in comparison with literature407 while VI has been 
. d h I'd ' d 399405413414 asslgne to t e pyrro e OXI atlOn re OX process. ' , , Process 11 exhibited 
reversible behaviour, whereas I and V were quasi-reversible in that the anodic to 
cathodic peak separation (t,E) for couple II was 90 m V (t,E = 90 for 
ferrocene/ferrocenium couple) while for couple V, t,E was 156 mV (vs. AgIAgCI). The 
anodic to cathodic peak ratios for the redox couples were near unity for 11. Fig 4.2 also 
shows the square wave voltammogram (SWV) of CoTPOPyPc obtained under the same 
conditions as the CV, which clearly shows the three couples due to CoTPOPyPc (12). 
The peak currents increased linearly with the square root of scan rate for the scan rates 
ranging from 50 mVs·1 to 500 mVs· l, confirming diffusion-controlled processes. 
4.1.2 Spectroelectrochemistry 
Spectroelectrochemistry experiments using optically transparent thin layer 
electrochemical (OTTLE) cell were performed to provide further insight into the nature 
of the redox activity observed by cyclic voltammetry, Fig 4.3a shows the UV-Visible 
spectral changes observed during controlled potential reduction of CollTPhPyPc·2 
complex at - 0.4 V (vs. AgIAgCl), which is more negative than the potential value of the 
first reduction process (II) in Fig 4.1 a. It is noticeable that the Q band centered at 665 
nm decreases in intensity, while new bands at 700 nm and 475 nm appear. See Table 4.2 
for the list and assignment ofUV-Visible data. 
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Fig 4.3a: Spectroscopic changes during controlled potential electrolysis (OTTLE) of complex 
CoTPhPyPc (7) in DMF containing 0.1 M TEAP. Applied potential = - 0.4 V (vs. AgIAgCI), 
concentration - I x 10" M. In all cases the spectral were recorded while continuously applying 
the specified potential. 
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Fig 4.3b: Spectroscopic changes during controlled potential electrolysis (OTTLE) of complex 
CoTPhPyPc (7) in DMF containing 0.1 M TEAP. Applied potential = - 0.4 V (vs. AgIAgCI), 
concentration - 1 x 10" M. In all cases the spectra were recorded while continuously applying the 
specified potential. 
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Fig 4.3c: Spectroscopic changes during controlled potential electrolysis (OTTLE) of complex 
CoTPhPyPc (7) in DMF containing 0.1 M TEAP. Applied potential = + 0.9 V (vs. AgIAgCI) and 
concentration - I x 10" M. In all cases the spectra were recorded while continuously applying the 
specified potential. 
The band at 475 run is typical409.4IS of the formation of reduced COlpC·2 species 
and it is then assigned to a metal-to-ligand charge transfer. The Q band for COl_PC species 
is generally weaker than that of the Col! and it is red shifted, hence the absorption at 700 
nm is due to the Q band for the Co1TPhPyPc·2 species. It can also be observed that the 
formation of the CoITPhPyPc·2 species is accompanied by diffuse isosbestic points. This 
could be due to the presence of isomers or some aggregation in the complex. The number 
of moles of electrons transferred was found to be near unity, confinning a one electron 
reduction process. The application of 0 V (vs. AgIAgCl) resulted in> 90 % regeneration 
of the spectra of the starting species, hence showing that the reduction of Co"TPhPyPc·2 
complex is reversible. 
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Table 4.2: Summary of absorption maxima (Amax) of the various central metal oxidation 
st f h MP 1 . DMF TEAP ( TBABF) ates 0 t e c complexes In + or 4 . 
Amax/nm Q-band Amax/nm Ama,lnm 
Complex (Mlpc·2) Am,,,/nm (Mlllpc·2) (MIVpC·2) 
(Mllpc·2) 
CoTPhPyPc (7) 475, 700 665 670 
CoTPOPyPc (12) 670 
CoTETPc (16) 450,701 a 673 680 
CoTMPyrPc (13) 478, 709 671b 676 
CrTAPc (19) 720 502,735 668,74 1 
FeTPhPyPc (8) 670 665 
MnTAPc (20) 710 500, 780 667 
MnTETPc (17) 682 500, 723 
MnTMPyrPc (14) 687 500, 720 
MnTPhPyPc (9) 680 497,720 
NiTPhPyPc (10) 671 
ZnTETPc (18) 676 
ZnTMPyrPc (15) 678 
ZnTPhPyPc (11) 678 
aSpectra not shown In thiS theSIS . 
~ote a small shift in the presence of electrolyte compared to Table 3.3. 
Fig 4.3b shows that for high CoTPhPyPc concentrations, considerable aggregation 
of the complex is observed. However, bands due to the reduced COl species are still 
evident. Fig 4.3c shows the UV-Visible spectroscopic changes observed upon oxidation 
of a concentrated solution of CoTPhPyPc at the potential related to couple (I). Before 
oxidation, two bands are observed in the Q band region at 617 and 665 nm, related to the 
dimeric and monomeric components, respectively. Upon oxidation, the monomer band is 
enhanced and red shifted to 670 nm Table 4 .2. Such behavior is typicaI409,4]; of metal 
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based oxidation in cobalt phthalocyanine complexes. Thus the final spectrum in Fig 4.3c 
is assigned to Co IllTPhPyPc·2 Electrolysis at 0 V (vs. Ag\AgCl) showed that this species 
could not be completely reduced back to the starting complex, confinning the lack of 
complete reversibility observed by cyclic voltammetry. Thus spectroelectrochemistry 
confirmed the CV assignments. 
Controlled potential electrolysis at - 0.6 V (Ag\AgCl), a potential more negative 
than the first reduction couple (couple II, Fig. 4. 1 (b)) of FeTPhPyPc complex, resulted in 
spectral changes shown in Fig 4.4a. The spectrum is different from Fig 3.2b in that the 
peak for aggregate at 636 nm is almost the same height as the monomer at 665 nm. The 
spectra of FePc complexes are also complicated as is the case with MnPc species . The 
spectra can be affected by ions in solution such as electrolytes. The peak due to the 
aggregated species (at 636 nm) decreases with electrolysis time. While the peak due to 
the monomer increases and shifts to 670 nm, Table 4.2. The observed spectral changes 
can be assigned to the formation of monomeric species, accompanied by reduction of 
Fellpc to Felpc. Reduction of Fellpc to Felpc has not been fully documented. The lack of 
decrease in the Q-band, upon reduction of FePc species is not surprising since metal 
based reduction is not expected to drastically affect the n system of the MPc macrocycle. 
Thus reduction results in the formation of the FeITPhPyPc2. species, confirming the CV 
assignment. 
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Fig 4.4a: Spectroscopic changes during controlled potential electrolysis (OTTLE) of complex 
FeTPhPyPc (8) in DMF containing 0. 1 M TEAP. Applied potential: - 0.6 V (vs. AgIAgCI). 
Concentration: - 1 x 10-5 M. In all cases the spectra were recorded while continuously applying 
the specified potential. 
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Fig 4.4b: Spectroscopic changes during controlled potential electrolysis (OTTLE) of complex 
FeTPhPyPc (8) in DMF containing 0.1 M TEAP. Applied potential: - 1.0 V. Concentration: - I x 
10-5 M. In all cases the spectra were recorded while continuously applying the specified potential. 
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Further reduction of the Fe species, (following the final reduction in Fig 4.4a), at -
1.0 V (vs. AgiAgCI) at potentials of couple III resulted in spectral changes shown in Fig 
4.4b. The first spectrum in 4.4b is same as the last spectrum in 4.4a. A rel atively strong 
peak appeared at 529 nm and a weaker one at around 600 nm, Fig 4.4b. It is known that 
the first ring reduction in unsubstituted metallophthalocyanine complexes is accompanied 
by absorption bands between 550 and 650 nm,415 (spectra not shown) . Thus, the new 
formed species is most likely the FelTPhPyPc·3 complex confinning CV assignments. 
Fig 4.5a shows spectral changes observed during the controlled potential 
reduction of MnlllTPhPyPc complex (9) at - 0.2 V (vs. AgiAgCI), more negative of the 
redox potential of couple I (Fig 4.lc) . The Q band shifts from 720 to 680 nm. This 
observed spectral change is consistent with the reduction of Mnlll in phthalocyanine 
complex406 and the formation of the MnllTPhPyPc·2 species. Reduction at potential of 
couple II resulted in only small spectral changes in the bands around 500 nm indicating 
the formation of the monoanion reduced MnllPc·3 species4ls (spectra not shown). The 
first reduction in MnllPc·2 complexes has been a subject of some controversy, with some 
reports proposing ring reduction to the MnllPc·3 species and others suggesting metal 
reduction to the Mn1Pc·2 species407 It has been proposed that in non-coordinating solvents 
reduction to MnllPc·3 occurs, while in coordinating solvents MnlPc·2 is formed 407 DMF, 
used as a solvent in this work, IS a coordinating solvent even though 
spectroelectrochemistry proves the formation of the MnllPc·3 It needs to be pointed out 
that only a small dependence of the reduction potential for the MnllPc·2 on the nature of 
solvent has been observed407 
136 
Chapter Four Electrochemical Properties 
(a) 
t " , , , , 
I 
300 400 500 600 700 800 
Wavelength I nm 
(b) 
J 
, -
- - -
300 400 500 600 700 800 
Wavelength I nm 
Fig 4.5: Spectroscopic changes during controlled potential electrolysis (OTTLE) of complex 
MnTPhPyPc (9) in DMF containing 0.1 M TEAP. Applied potential for (a) = - 0.2 V and (b) = -
1.3 V (vs. AgIAgCI). Concentration: - I x 10.5 M. The first spectrum in (b) is similar to the last 
one in (a). The spectra were recorded while continuously applying the specified potential. 
Further reduction at - 1.3 V (vs. AgIAgCl), the redox potentials of couple III, (Fig 
4.lc) resulted in a more pronounced modifications of the spectral features as it can be 
observed in Fig 4.5b. The reduction of Mn"TPhPyPc-2 at - 1.3 V resulted in the decrease 
in the Q band and the formation of new bands at 525 and 595 nm. The lowering in 
intensity of the Q band is typical behaviour for ring-based reduction in M-Pc complexes 
and the formation of Mn1lPc-4415 Thus, results presented in Fig 4.5b clearly confirm the 
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ring based reduction in the manganese complex and the formation of the MnIITPhPyPc4• 
species and confirms the CV resul ts. The reductions were reversible since application of 
o V regenerated the original spectra. 
Finally, Fig. 4.6 shows the spectral changes observed on controlled potential 
reduction of the nickel complex at - 1.0 V (vs. AgIAgCI). The starting spectmm in Fig 
4.6 is different from that in Fig 3.2b (curve iv), due to higher aggregation of the complex 
expected for concentrations used in this experiment. The spectral changes in Fig 4.6 
consisted of the formation of bands which have been reported for Ni llpc·3 species.415 The 
low intensity of the new bands, relative to the spectra of the starting species, confirms 
that they are due to ring reduction. 
l 
1 
.. .. .. .. 
300 400 500 600 700 800 
Wavelength / nm 
Fig 4.6: Spectroscopic changes during controlled potential electrolysis (OTTLE) of complex 
NiTPhPyrPc, in DMF containing 0. 1 M TEAP. Applied potential: - 1.0 V (vs. AgIAgCI). 
Concentration: - I x 10'" M. 
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4.2 Mercaptopyrimidin Substituted Metallophthalocyanine 
Complexes (13-15) 
4.2.1 Cyclic voltammetry and square wave voltammetry 
Figs 4.7 (a - c) show typical cyclic and Osteryoung square wave voltammograms 
for complexes 13, 14 and IS in de-aerated DMF containing 0.1 M TBABF4 at a glassy 
carbon electrode (GCE). Five redox processes labelled I-V are observed in the case of 
CoTMPyrPc, 13, (Fig 4.7a). Table 4.3 lists the redox potentials for complexes 13-1S. The 
quasi-reversible process labelled IV (0.47 V) is observed at potentials typical for metal 
ox idation in ColIpc complexes in coordinating solvents such as DMF404 and is thus 
assigned to CoIllTMPyrPC·2/COIITMPyrPC·2 redox process. The oxidation process labelled 
V (Ey, = 1.00 V) is due to the first ring oxidation and is assigned to ColllTMpyrPc' 
I/CoIllTMPyrPc·2 in comparison with literature 407 
The three redox couples labelled I-Ill observed at Ev, = - 1.93 V (I), - 1.34 V (II) 
and - 0.50 V (Ill) vs . AglAgCl are respectively assigned to CoITMPyrPc·3/CoITMPyrPC· 
4, CoITMPyrPc·2/CoITMPyrPc·3 and CoIITMPyrPc·2/CoITMPyrPc·2 in comparison with 
literature4 07 The assignments were also confirmed using spectroelectrochemistry below. 
Processes I-III exhibited reversible behaviour, whereas IV and V were quasi-reversible. 
The anodic to cathodic peak ratios for the redox couples were near unity for I-III. Fig 
4.7a, also shows the square wave voltammogram (SWV) of CoTMPyrPc obtained under 
the same conditions as the CV. The peak currents increased linearly with the square root 
of scan rate for the scan rates ranging from 50 to 500 mVs· l , confim1ing diffusion-
controlled processes. 
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Fig 4.7 (a and b): Cyclic voltammograms of - 1.5 mM of (a): CoTMPyrPc (13) and (b): 
MnTMPyrPc (14), in DMF containing 0.1 M TBABF4 . Scan rate: lao mVs" . The curve on top of 
the CV is the corresponding square wave voltammograms. Electrode: GCE 
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Fig 4.7c: Cyclic voltamrnograms of - 1.5 mM of ZnTMPyrPc (15) in DMF containing 0.1 M 
TBABF4 . Scan rate: lOa mVs·'. The curves on top of the CVs are the corresponding square wave 
voltamrnograms. Electrode: GCE. 
The CV and SWV curves of the manganese complex are represented in Fig. 4.7h. 
The couples labelled I and II are observed as separate but with very close potential values 
in the CV but are seen as a single process in the SWV. The spectrum of MnTMPyrPc, Fig 
3.8b showed the presence of MnlIl-O-MnlIl, Mnll-O-Mnll, Mnll and MnlIl species. Under 
CV and OSWV conditions, NJ was bubbled hence the predominant species is Mnll (Fig 
3.9a) with small amounts of the MnlIl-O_MnlIl, and insignificant amounts of MnlIl. The 
MnPc >I-oxo dimer is known to undergo a four electron reduction process at potentials 
more positive than the potentials of couple I and II. Thus the couples in Fig 4.7b are due 
to Mnllpc species and not Mnlll-O-MnlIl (Table 4.3). In comparison with literature,407 
couples III (E y, = - 0.68 V) and IV (E y, = - 0.06 V) are assigned to MnllTMpyrPc' 
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assigned to MnllPc-4/MnllPc·J , the next ring reduction. Spectroelectrochemistry of 14 was 
complicated by the presence of more than one starting species, hence was not employed 
for the confinnation of CV assignments. 
The large irreversible redox processes labelled V (at 1.27 V) and VI (at 1.38 V) 
cannot be definitely assigned at the moment. However ring-based oxidation of 
substituted MnPc species corresponding to the MnIllPc·llMnllIPc·2 couple, have been 
observed around 1.0 V vs saturated calomel electrode (SCE) and at about 1.6 V vs. SCE 
for the MnlllPcOlMnlllPc·1 couple.407 It is thus likely that redox process in the region of V 
and VI are due to ring-based oxidations in MnTMPyrPc species. It is also important to 
note that peaks due to mercaptopyrimidyl substituent were also observed in this region of 
processes V and VI. 
Zinc Pc complexes are not known to show any redox activity at the central metal. 
Thus only ring-based processes are observed (Fig 4.7c). See also Table 4.3 . As indicated 
above in the case of MnTMPyrPc, the process labelled VI at 1.55 V (vs. AgIAgCl) may 
also be due to the mercaptopyrimidyl substituent. 
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Table 4.3: Sununary of redox potentials of MTMPyrPc in DMF containing TBABF4 . Potentials 
I CI H If . I (E ) d I h' d versus Ag[Ag( a -wave otentla S 'Ii reporte un ess ot erwlse state . 
M'''pcu/ M"'pc" / M"'pc'· / (M"Pc" / (M'Pc'-/ 
Complex 
M"l pC·1 MIllpC·2 M"pc·2 Mlpc·2), MlpC·J)' 
CoTMPyrPc 
1.00 (V) 047 (IV) -0 .50 (III) -1.34 (II) 
(13) 
MnTMPyrPc' -0.68 (III) -1.30 (I) 
(14) -0.06 (IV) (Mn"Pc·J/ (Mn"Pc"/ 
Mn"pe·2) Mn"Pe·J) 
In''Pcu In''Pe'' I n''pc'- Zn"pc" Zn"Pe" 
Complex 
/Znll Pc·1 /ZnllPc·2 /Zn"Pc·J /Znllpc" /Zn"Pc·5 
ZnTMPyrPcD 
1.01 (V) 0.79 (IV) 
(15) 
-0.62 (III) -0.76 (II) -1.01 (1) 
• Couples V and VI left out smee could not be assIgned defimtely. 
bOnly ring-based processes. 
'For complex 13 only. 
4.2.2 Spectroelectrochemistry 
M'pc" / 
MlpC" 
-1.93 (I) 
Spectroelectrochemistry was used to confirm some of the assignments in the CVs. 
The experiments were performed using optically transparent thin layer electrochemical 
(OTTLE) cell. The solution contained -I x 10.4 M of the metal complex, (e.g. 
CoTMPyrPc) in DMF + 0.1 M TBABF. as electrolyte. At these high concentrations, the 
complex is aggregated, hence the first trace in Fig 4.8a shows considerable broadness 
compared to Fig 3.8a (curve i). Fig 4.8a shows the UV-Visible spectral changes during a 
controlled potential reduction of Co"TMPyrPc·2 complex (13) at - 0.6 V vs. AglAgCI 
corresponding to the redox process labelled III in the CV (Fig 4.7a). The Q band at 671 
nm decreased in intensity while new bands at 709 and 478 nm appear as the reduction 
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process continued. These changes are sim ilar to CoiTPhPyPc formation In Fig 4.3a, 
Table 4.2, for complex 7. 
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Fig 4.8 (a and b): UV-Visible spectral changes observed during controlled potential electrolysis 
(OTTLE) of 1.5 mM CoTMPyrPc in DMF containing 0.1 M TBABF,. Applied potential: (a) = -
0.6 V, (b) = - 1.4 V (vs. AgIAgCI). The first trace in (b) is same as the last trace in (a). The 
spectra were recorded while continuously applying the specified potential. 
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Fig 4.8c: UV -Visible spectral changes observed during controlled potential electrolysis (OTTLE) 
of 1.5 mM CoTMPyrPc (13) in DMF containing 0.1 M TBABF4 . Applied potential: + 0.6 V vs. 
AglAgCI. The first trace was obtained by applying 0 V following the formation of the last trace in 
(b). The spectra were recorded while continuously applying the specified potential 
As discussed for CoITPhPyPc·2, the band at 478 nm is typical409 of the fonnation 
of the CoITMPyrPc·2 species, confirming the CV assignment of couple III to COli/COl 
process. There was an evolution of a new envelope of bands around 585 nm upon further 
reduction of the CoITMPyrPc·2 species at potentials of couple II, Fig 4.8b. The spectral 
changes in Fig 4.8b are typical of ring-based reduction in phthalocyanine complexes. 41 5 
This confirms the earlier assignment of the process labelled II to ColTMPyrpc· 
2/CoITMPyrPc·3. Fig 4.8c shows the spectral changes observed when potentials 
corresponding to process IV were applied to so lutions of CoIiTMPyrPc·2 The first trace 
in Fig 4.8c was obtained by applying 0 V following the formation of the last trace in Fig 
4.8b. This resulted in the formation of the Q band of CollTMPyrPc at 671 nm with less 
aggregation compared to Fig 4.8a. There was a shift in wavelength of the Q band from 
671 to 676 nm as the electrolysis progressed. This is typical409 of a metal-based oxidation 
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in cobalt Pc complexes. The spectrum in Fig 4.8c is therefore assigned CollITMPyrPc·2, 
confirming CV assignments. It was possible to regenerate the starting Co IlTMPyrPc·2 
complex when a zero potential was applied to the solution after either reduction or 
oxidation. However, the spectra revealed that while over 95% of the starting material was 
regenerated from the reduced species only about 86% could be regenerated from the 
oxidized species. This observation is in agreement with the shape of the CV wave 
labelled IV which is less reversible compared to couple III. 
4.3 Amino Substituted Phthalocyanine Complexes 
(19 and 20) 
4.3.1 Cyclic and square wave voltammetry 
The electrochemical behaviour of the (OH)Cr1IlTAPc (19) monomer was studied 
in DMF containing 0.1 M TBABF4 using cyclic voltammetry or Osteryoung square wave 
voltammetry. FigA.9 shows the CV and OSWV of CrllITAPc on GCE. Five processes 
(I - V) were observed at the following potentials: 0.44 (III Ep), 0.60 (II E I12), 1.00 (I 
E I12), - 0.5 V (IV',Ep), - 0.81 (IV, E I12) and - 1.35 (V, E I12), V vs. AglAgCI. Table 4.4 
also lists the peak potentials and assignments (except for IV'). Most processes are not 
reversible in Fig 4.9. This behaviour is typical for MTAPc complexes. 28J,348,416,417 The 
first reduction in Crlllpc complexes is known to occur at the central metal to give Crlipc 
complexes,407 thus redox process IV at - 0.81 V in Fig 4.9 is assigned to 
CrlllT APc/CrIiT APc. Available electrochemical data shows that the potentials for redox 
process IV varies over a wide range (- 0.87 to + 0.52 V vs . saturated calomel electrode 
(SCE)) 407.4 18 
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Fig 4.9: Cyclic ~o ltammogram of 3 x 10-3 M CrT APc complex in DMF containing 0.1 M 
TBABF,. Scan rate: 100 mVs-'. Insert: OSWV. Electrode: GCE. 
In comparison with reported data,407 process V Cat - 1.35 V) is assigned to the 
ring-based reduction CCrIlTAPc-2/CrIlTAPc-1). The assignments are confirmed below 
using spectroelectrochemistry. The origins of the process labelled IV' in the CV in Fig 
4.9 are not known. This peak is not clearly observable using OSWV. But since MTAPc 
complexes are known to readily aggregate,419 it is likely that peaks due to both the 
monomer and the aggregates will be present at the high concentrations involved in cyclic 
voltammetry. 
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Table 4.4. Redox potentials (V vs AgJAgCI) of the CrT APc and MnTAPc in DMF containing 0.1 
MTBABF4. 
Assignment/ Assignment/ 
Process Potential (E y" V) Potential (E y" V) 
(CrTAPe) (MnTAPe) 
NH2 Amino group Amino group 
1.40 0.93 
I 
Cr,vTAPcu/Cr,vTAPc· ' 
1.00 -
II 
Cr,vTAPc· '/Cr,vTAPc·- Mn,vTAPc·'/Mn"T APc·1 
0.60 0.75V 
III Cr"TAPc·'/Cr"'TAPc·- Mn" TAPc·-lMn"'TAPc·' 
0.44(Ep) 0.58V 
IV Cr'''TAPc·'/Cr''TAPc·' Mn'''TAPc·-lMn''TAPc·-
- 0.81 - 0.30V 
V Cr"T APc·' /Cr"T APc·' Mn"TAPc·'lMr,"TAPc·-
- 1.35 - 0.98V 
The irreversible oxidation process labelled III (at 0.44 V) is due to metal 
oxidation hence is assigned to the Cr,vTAPc·2/CrIllTAPc·z process. Cr'vpc complexes 
have not been reported, spectroelectrochemistry was used to confirm the present 
assignment as will be shown later. The oxidation process labelled II (0.60 V) in Fig 4.9 
is in the range for ring oxidation in Crlllpc complexes,'o7 hence is assigned to Cr'vTApc· 
' /Cr,vTAPc·2 The oxidation process labelled I is then assigned to the second ring 
oxidation to give Cr,vTAPco/Cr,vTAPc·l The irreversible process at 1.4 V (Fig 4.9) is 
due to the oxidation of the amino group attached to the peripheral position of the 
phthalocyanine ring. The potential for the amino group in MT APc vary with the nature of 
the central metal, being observed at 0.625 V for CoTAPC407 and 1.15 V in FeTAPc4 '4 
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Literature reported that the CV of Mn"Pc microcrystals show the reduction of this 
complex to a Mnlpc species and oxidation to a MnllJpc species420 Reduction of MllJpc to 
a Mn"Pc species and further reduction to either Mnlpc or Mn"Pc·3 have been 
reported410.421-424 as discussed above. As has been shown in Chapter 3, the oxidation state 
of the Mn species is + 3, giving Mn lllTAPc·2 species. Fig 4.I Oa shows that three couples 
were observed for Mnl llTAPc on scanning from - 1.6 to + 1.2 V versus Ag\AgCI. A 
relatively weak peak (labelled III) was observed at 0.5 8 V versus Ag\AgCI, this peak is 
more easily seen from the square wave voltammogram. This peak is at a potential too low 
for a ring based process and is tentatively assigned to a metal-based oxidation (Mnlvpc· 
(al 
t lOflA 
'" 
·1100 ·'00 ·100 . 00 900 
E I mV (vs. Ag IAgCl) 
-1600 -1100 -600 -100 400 900 
E / mV (VS. AglAgCI) 
Fig 4.10a: Cyclic voltamrnogram of MnTAPc in DMF containing 0.1 M TBABF4 . Scanning 
range: . 1.6 to 1.2 V vs. AglAgCI. Scan rate: 100 mVs· l. Electrode: GCE. Insert shows the 
Osteryoung square wave voltamrnetry. 
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Fig 4. lOb: Cyclic voltammograms of MnTAPc in DMF containing 0.01 M TBABF, . ScalIDing 
range: - 0.5 to 0.9 V vs. AglAgCl. Scan rate: 100 mVs·l. Electrode: GeE. Insert: plot of square 
root of scan rate versus current for couple II. 
The three more couples observed are observed at EII2 = 0.75 V (II), - 0.30 V (IV) 
and - 0.98 V (V) vs. AgIAgCl, Table 4.4. In addition to these, another irreversible redox 
process is observed at 0.93 V (labelled NHz). As stated above and based on literature 
report ,407.417 the potential for the later process is within the oxidation potential for amino 
groups in tetraamino Pcs, thus process at + 0.93 V is assigned to the oxidation of the 
amino substituent. Couple II is in the range for ring oxidation in MPc complexes407 and is 
Mnlllpc complexes,25 and couple V at El ll = - 0.98 V versus AglAgCl is due to ring 
reduction and the fonnation of Mn"Pc·J species. The redox couples showed large peak 
separations in some cases, indicating sluggishness of the electrochemical processes. 
However, when the potential window for the cyclic voltammogram was shortened to - 0.5 
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to 0.9 V (instead of - 1.6 to 1.2 V), the reversibility of the couples is improved and the 
peak separation of - 100 mV (i1E = 90 mV for ferrocene/ferrocen ium couple) could be 
obtained, Fig 4.1 ~b, hence showing an improvement in the electrode kinetics. Plots of 
the square root of current (corrected for background) versus scan rate were linear, Fig 
4.10b (insert), suggesting a diffusion controlled process. Spectroelectrochemistry was 
employed for the confirmation of cyclic voltammetry assignments. 
4.3.2 Spectroelectrochemistry 
Spectroelectrochemical studies, using the OTTLE cell were employed to provide 
further information on the nature of the redox processes observed in Figs 4.9 and 4.10. 
The experiments were performed by recording each spectral trace following application 
of the appropriate potential for a known time period. Fig 4.11a shows the UV-Visible 
spectral changes observed during a controlled potential reduction of CrT APc at potentials 
of process IV. It is clearly seen that the Q-band at 735 nm (dotted trace), Fig 4.11a, blue 
shifted to 720 nm with a slight increase in intensity. 
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Fig 4.II(a and b): UV-Visible spectral changes observed using the OTTLE cell during (a): 
reduction of CrlllTAPc at the potential of process IV (- 0.9 V) in Fig 4.9, (i): 0 s, (ii): 60 s. (b): 
reduction at the potential of process V (- 1.4 V) in Fig 4.9, (i): 0 s, (ii): 45 s. Electrolyte: DMF 
containing 0.1 M TBABF4• The first trace in (b) is same as the last trace in (a). 
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Fig 4.11 (c and d): UV-Visible spectral changes observed using the OTTLE cell during (c): 
oxidation of CrlllTAPc at potentials of process III, + 0.6 V. (i) 0 s, (iii): 45 s. (d): oxidation at the 
potential of process II, + 0.8 V. (i) 0 s, (ii): 80 s Electrolyte: DMF containing 0.1 M TBABF,. 
The spectra were recorded while continuously applying the specified potential. The first h'ace in 
(c) was obtained by applying 0 V to the last trace in (b), generating Cr". The first trace in (d) is 
same as the last trace in (c). 
This shift is also accompanied by the lowering in intensity of the charge transfer 
(CT) band at 500 nm, which is associated with CrllIpc species. The lowering in intensity 
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(and final disappearance) of the bands in this region, suggest the reduction of Crill Pc 
species, and confinn our earlier assignment of the redox process (IV) in Fig 4.9 to 
CrIlITAPc·2/CrllTAPc·2. It was possible to regenerate the starting species by about 92% 
when a zero potential was applied to the reduced species, showing that the reduction of 
CrTAPc complex was reversible within these potential s. Fig 4.11 b shows the spectral 
changes for reduction of complex 19 at potentials of process V in Fig 4.9. The first trace 
in Fig 4.11 b is same as the last trace in Fig 4.11 a. There was a steady decrease in 
intensity of the Q-band with time and the formation of new bands at 606 and 633 nm. 
The decrease in intensity of the Q-band is very typical of a ring-based reduction in 
metallophtha10cyanine comp1exes.4IS Also the appearance of two absorption bands in the 
500 to 600 nm region has been observed for other ring-reduced phthalocyanine 
monoanion species.4ll Hence the spectral changes in Fig 4.11 b clearly confinn a ring 
based reduction of the CrTAPc complex and the formation of CrllTAPc·2/CrllTAPc·3 
species, confirming the assignment of process V in Table 4.4. 
Following reduction in Fig 4.l1b, the Crll species at 720 nm was re-generated by 
application of 0 V, giving the first spectrum in Fig 4.11 c. The spectral changes, in Fig 
4.11c, upon application of potentials corresponding to process III (+ 0.6 V, Fig 4.9), 
show the formation of Crlll species (735 nm) and finally its oxidation and the fonnation 
of CrlV, (741 nm), Table 4.2. The spectral changes in Fig 4.11c are typical behavior for 
the metal-based oxidation processes,407 and confirms the assignment of this process to 
CrlvT APc·2/CrIllT APc'"- Oxidation at potentials of process II, following oxidation at 
potentials of III resulted in spectral changes shown in Fig 4.11 d. The first spectrum in 
Fig 4.11d was the last spectrum in Fig 4.11c. The spectral changes shown in Fig 4.lld 
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consist of a decrease in the Q band intensity and the increase in the intensity of the 
absorption feature near 600 nm. This is typica l behavior for ring-based oxidation in 
phthalocyanine complexes,41; where the Q band decreases in intensity and new broad and 
weak bands are observed. Spectral changes in Fig 4.11 d confirm that the oxidation 
process labelled II is due to ring-oxidation and formation ofCr,vTAPc·1 /Cr,vT APc·2 
As discussed in Chapter 3, the MnPc complex with Mn in the + 2 or + 3 oxidation 
state have distinct absorption spectra which can be used in differentiating between the 
two oxidation states.409 The Mn"Pc complex has an absorption spectrum shifted to 
shorter wavelengths compared to the corresponding (X)Mnlllpc species409.m and a 
relativel y strong band near 520 nm409 for the latter. Fig 4.12 shows the electronic 
absorption spectral changes observed during reduction of MnTAPc in DMF at potentials 
of couple IV. 
(a) 
1 
300 500 700 900 1100 
Wavelength I nm 
Fig 4.12a: Electronic absorption spectral changes observed on reduction of MnTAPc in DMF 
containing 0.1 M TBABF, at potentials of first reduction (couple IV in Fig 4.IOa). (i) before, (ii) 
240 s after application of potential. 
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Fig 4.12 (b and c): Electronic absorption spectral changes observed on reduction of MnTAPc in 
DMF containing TBABF 4 at potentials of (b): second reduction (couple V, - 1.0 V, in Fig 4.1 Oa); 
the first spectrum is the same as the last one in (a), (i): before, (ii): 600 s after application of 
potential. (c): spectral changes for oxidation at potentials of peak III (+ 0.6 V): (i) before, (ii) 60 
s after application of potential. 
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On reduction at potentials of couple IV, the Q band shifted to shorter wavelength 
(from 780 nm of the (OH)Mn lllTAPc·2 species to 710 nm, Table 4.2) and the band near 
500 nm disappeared, Fig 4.12a, confirming the fonnation of MnllT APc·2 complex from 
the (OH)MnlllTAPc·2 species. Further reduction at potentials of couple V in Fig 4.l0a, 
resulted in spectral changes shown in Fig 4.12b. In Fig 4.12 (a and b), the isosbestic 
points were not resolved, probably due to changes in axial ligation during reduction. The 
lowering in the intensity of the Q band and the formation of bands in the 500- 600 nm 
region is consistent with the ring based reduction,415 and the formation of MnllPc·J As 
already discussed above, formation of both MnllPc·3 and Mn1Pc·2 species on reduction of 
MnPc complexes has been reported by several workers 4 !O.412 Oxidation of Mnlllpc 
species to the Mnlvpc species is known to result in the shift of the Q band to shorter 
wavelength values.411 The shift of the Q band with change in oxidation state was shown 
to be as follows: Mnlllpc > Mnllpc > MnlVPc 411 Oxidation of the (OH)MnIllTAPc·2 at 
potentials of couple III resulted in the shift of the Q band to shorter wavelengths (667 
nrn, Table 4.2) compared to (OH)MnIllTAPc·2 and the Mnllpc species, Fig 4.12c. This 
shift is, herein, associated to the formation of MnlVTAPc species. Thus, for the MnTAPc 
complex, the shift in the Q band with change in oxidation state is as follows: 
(OH)MnIllTAPc·2 (780 nrn) > Mnllpc (710 nm) > MnlVpc (667 nm), Table 4.2. 
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4.4 Thiophene Substituted Metallophthalocyanine 
Complexes 
4.4.1 Cyclic and square wave voltammetry 
Figs 4 .13 (a-f) show the CVs for complexes 16 (CoTETPc), 17 (MnTETPc) and 
18 (ZnTETPc) using different potential windows. Table 4.5 lists the peak potentials. Fig 
4.13 also shows the square wave voltammograms for the complexes. A wide potential 
window was employed in order to interrogate the redox processes including the thiophene 
oxidation, Table 4.5a. However, less reversibility is observed (Fig 4.13a, c and e) under a 
wide potential window due to possible decompositions under such extreme conditions. 
The couples were more reversible when the potential window was narrower, - 1000 to + 
1000 mV (Fig 4.13b, d and f) and the potentials are listed in Table 4.5b. Using a wide 
potential window (- 1300 to + 1500 mY) the CV and OSWV of CoTETPc, (16), in DMF 
containing 0.1 M TBABF4 are shown in Fig 4.13a. Seven redox processes attributable to 
the central metal, the Pc ring and the thiophene groups can be identified. While for the 
narrower window, four redox processes are observed in Fig 4.13b for complex 16. Slight 
differences in potential were observed for the different potential ranges and the 
assignments are listed in Table 4.5 . As already stated, in a coordinating solvent like 
DMF, the first oxidation process occurs at the central metal407 in CoPc complexes. The 
following discussion of potentials is based on the short range potential values, Table 4.5b. 
The process labelled IV (at 0.41 V vs. AgIAgCl, Table 4.5) is in the range407 for the 
oxidation of the central metal in CoPc complexes and is thus ass igned to 
CoillTETPc/C011TETPc. 
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(a) 
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II VI 
IV 
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E I mY (vs. AgIAgCI) 
I30 PA 
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E I mV (vs_ AgIAgCI) 
Fig 4.13a: Cyclic voltammograms and OSWV of 5 mM CoTETPc; in DMF containing 0.1 M 
TBABF,: wide potential windows. Scan rate = 100 mVs". 
(b) 
130 tJA 
-1000 -600 -200 200 600 1000 
E I my (ys. AgIAgCI) 
Fig 4.13b: Cyclic voltammograms of 5 mM CoTETPc; in DMF containing 0.1 M TBABF,: 
narrow potential windows. Scan rate = 100 mVs· l 
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(e) 
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E / mV (vs. AgIAgCI) 
Fig 4.13c: Cyclic voitammograms and OSWV of 5 mM MnTETPc; in DMF containing 0.1 M 
TBABF,: wide potential windows. Scan rate = 100 mVs·l. 
(d) 
110PA 
-
IV 
-1 000 -600 -200 200 600 1000 
E I mV (vs. AgIAgCI) 
Fig 4.13d: Cyclic voltammograms of 5 mM MnTETPc; in DMF containing 0. 1 M TB ABF,: 
narrow potential windows. Scan rate = 100 mVs·l. 
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(e) 
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E I mV (VS. AgIAgCI) 
Fig 4.13e: Cyclic yoltammograms and OSWV of 5 mM ZnTETPc; in DMF containing 0.1 M 
TBABF4 : wide potential windows. Scan rate = 100 mVs·1• 
(t) 
• 
[ 30pA 
-1000 -600 ·200 200 . 600 1000 
E / mV (vs. AgIAgCI) 
Fig 4.13f: Cyclic voltammograms and OSWV of 5 mM ZnTETPc; in DMF containing 0.1 M 
TBABF4 : narrow potential windows. Scan rate = 100 mVs·1• 
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This couple was reversible under narrow potential window conditions, Fig 4.13b, 
in that the ratio of the anodic to cathodic peak currents were unity and cathodic to anodic 
peak separation was 90 m V (peak separation for the ferrociniumlferrocene couple was 90 
mY). The redox couple labelled II at - 0.46 V vs AgIAgCl, Table 4.5b, may thus be 
assigned to metal reduction (CoIiTETPc/Co'TETPc), since it is in the potential range for 
this couple.4 07 The remaining redox processes are assigned (in comparison with 
literature) as follows: Co'TETPc·2/Co'TETPc·J (couple I, - 0.90 V), CoIllTETPc· 
I/CoIllTETPc·2 and (couple V, 0.81 V). The next oxidation process (VI) at 1.22 V (Table 
4.5a) observed when a wider potential window is employed, Fig 4.13a, is assigned to 
CoIllTETPco/CoIllTETPc· l • ColllpcO species has been reported407 in non-aqueous media. 
Couples II, III and V were reversible in Fig 4.13b. The electrode processes were found 
to be diffusion controlled as demonstrated by the linearity of a plot of peak current vs. 
square root of scan rate, for scan rate ranging from 50-600 m V S·I. 
The oxidation of the thiophene group can be observed at 1.46 V vs. AglAgCl 
(labelled VII in Fig 4.13a), Table 4 .5a. Zotti et al.426 reported an irreversib le reduction 
wave for bithiophene in acetonitrile at - 0.2 V vs. SCE. A simi lar wave was assigned to 
the reduced form of e1ectropo1ymerized oligo thiophene by Audebert et al.427 The broad 
wave at 0.08 V vs. AglAgCl (labelled III, Fig 4.13a), is thus tentatively assigned to the 
reduction of the thiophene, Table 4.5a. It can be seen, in Fig 4.13b, that the wave related 
to the reduction of the oxidized thiophene group did not appear when the potential 
window was not extended to the oxidation potential of the thiophene substituent in Fig 
4.13a. This observation further confirms earlier claim that the wave at 0.08 V vs. 
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AglAgCI (labelled III) in Fig 4.13a is related to the reduction of the oxidized thiophene 
group. 
Table 4.5a: Long range redox potentials ElI2 (E'12 = (Ep,+Ep, )/2, where Ep, and E", are the anodic 
and cathodic peak potential values, respectively) or Ep, 01 vs.AgIAgC I) for CoTETPc, MnTETPc 
and ZnTETPc complexes measured in DMF containing O.lM TBABF4• Scan rate = 100 mVs·' . 
Potentials in Volts vs. AglAgCI 
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CoTETPc 
1.46 1.22 0.78 0.35 0.08 -0.48 -1.16 , 
MnTETPc 1.56 1.28 1.00 -0.23 (a) (a) - , 
ZnTETPc 1.46 1.20 0.45 0.07 -0.96 -1.20 - -
(a) Pre-adsorptIOn phenomena observed. 
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Table 4.5b: Short range redox potentials EJ12 (EII2 = (E"+E,,,)/2, where Ep, and E" are the anodic 
and cathodic peak potential values, respectively) or Ep, 01 vs. AgIAgCl) for CoTETPc, MnTETPc 
and ZnTETPc complexes measured in DMF containing O.IM TBABF,. Scan rate = 100 mVs· l . 
Potentials in Volts vs. AglAgCl 
Complex 
CoTETPc 
MnTETPc 
ZnTETPc 
MlllpC·I/M!Ilpc':! 
(M llpc'! /MHpc·2 for Zn 
complex) 
(V) 
0.81 
0.75 
0.47 
M!li pC·2 / Mllpc':! 
(IV) 
0.41 
-0.21 
M ll pc·2/ M1pc·2 
(II) 
-0.46 
M"pc·21l'vl l1 pc·3 
(M1pc·!/M1pc·J for Co 
complex) 
(I) 
-0.90 
-0.95 
-0.99 
Figs 4.13(c and d) show the CV (and OSWV, in Fig 4. 13 c) of MnTETPc (17) in 
DMF containing 0.1 M TBABF4 . Table 4.5b shows the data obtained from Fig 4.13d 
with narrower window (- 1000 to + 1000 m V), hence more reversible and less 
complicated processes. The first reduction in MnIllpc complexes occurs at the central 
metal407 to give Mnllpc species. Thus, couple IV observed at - 0.21 V is assigned to 
MnIllTETPc/ MnIlTETPc. As already discussed, the first reduction in Mn1lPc·2 complexes 
has been a subject of some controversy, with some reports proposing ring reduction to the 
Mnllpc') species and others suggesting metal reduction to the Mn1Pc·2 species.427 The 
formation of the Mn1lPc·3 has also been shown earlier in the case of pyrrole and amino 
substituted MnPcs III this work and IS further confirmed below usmg 
spectroelectrochemistry. Thus the redox process (I) at - 0.95 V in Fig 4.13d is due to ring 
reduction and formation of Mn1lPc·3 species. Process V (+ 0.75 V) in Fig 4.13d is in the 
range for ring oxidation in MPc complexes and is assigned to MnIllTETPc·1IMnIllTETPc· 
2 The next oxidation process VI (L28 V, Table 4 .5a), is observed only when a wider 
window is employed, Fig 4.13c, and is assigned to MnIllTETPcolMnIlITETPc·1 
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Under wide potential window conditions (- 1400 to + 1600 mY, Fig 4.13c, two 
redox processes are observed around 900 mV labelled I and 1'. These processes show 
typical behaviour for the formation of adsorbed species,428 which is characterized by 
sharp peaks in the cyclic voltammograms. It is known428 that the adsorption of a product 
of the electrode reaction results in the formation ofa sharp pre-wave peak (1' , Fig 4.13c), 
preceding the more regular peak (I , Fig 4.13c), the latter being due to the diffusion of the 
electro active species from solution to the electrode. The diffusing component is most 
likely due to the MnIlPc·2/MnllPc·3 couple, in comparison with electrochemical behaviour 
of the other MnPc complexes examined in this work. The sharp peak labelled as 1" in Fig 
4.13c is then assigned to the desorption of the adsorbed species. The adsorption 
behaviour observed for the. Mn complex was not observed for the Zn or Co complexes. 
When a narrow potential window was employed, the pre-wave behaviour was not 
observed showing that extreme potentials results in products which adsorb onto the 
electrode surfaces. The thiophene reduction which was observed as a broad peak at 0.08 
V for the Co complex is only observed as an increase in background in this potential 
region for the Mn complex, Fig 4.13c. Thiophene oxidation was observed at 1.56 V for 
Mn complex. 
Figs 4.13 (e and f) show the redox behavior ofZnTETPc (18) in DMF containing 
0.1 M TBABF •. Using a wide potential window (- 1300 to + 1600 mY), Fig 4.13e, five 
redox processes, (I, V-VIII) and a weak wave (III) at 0.06 V vs. AglAgCl can be readily 
seen in the cyclic voitammogram. Two couples at - 0.99 V (I) and 0.47 V (V) are 
observed using a narrow potential window (- 1000 to + 1000 mY). Since Zn ll metal is 
redox inactive, all the redox processes are centred on the Pc ring and the thiophene. 
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Processes I and V are assigned as indicated in Table 4,5, The couples are quasl-
reversible, Following the discussion above, processes III (0,06 V) and VII (1.46 V), Fig 
4,5a, are due to thiophene reduction and oxidation, respectively observed in the wider 
potential window, in Fig 4,13e, Peak separations in couples VIII (- 1.20 V) and V (0.45 
V) are 79 mV and 45 mV respectively in Fig 4.13e, The relatively small peak separation 
of 45 m V for couple V suggests oxidation of a surface confined species, again showing 
that wider potential window results in the formation of products which adsorb onto the 
electrode as was observed in the case of the Mn complex, In Fig 4,13e, the peak 
separation for couple I was - 200 m V suggesting quasi-reversibility, while cathodic to 
anodic peak current ratios (ipclipa) for couples I and VIII were unity, As explained above 
in the case of CoTETPc, thiophene reduction is not expected when using a narrow 
potential window, 
4.4.2 Spectroelectrochemistry 
Spectroelectrochemical experiments, using the OTTLE cell, were employed to 
confirm some of the CV assignments for the MnTETPc complex, Fig 4,14a shows the 
electronic absorption spectral changes observed upon a controlled potential reduction of 
MnTETPc at - 0.4 V corresponding to the couple IV assigned to Mnlll/Mnll process, The 
bands at 500 nm and 723 nm are characteristic ofMnllipc complexes , Upon reduction, the 
Q band at 723 nm decreased in intensity, and a new band was formed at 682 nm, Table 
4,2, The formation of Mnlipc is characterized by the shift of the Q band to lower 
wavelength values (by - 40 nm as indicated earlier in the case of pyrrole substituted 
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MnPc), thus the formation of the 682 nm band suggests the format ion of the MnllTETPc 
Fig 4.14b, shows further spectral changes observed on application of the 
potentials of process I (- 1.0 V Fig 4. i3b). The spectral changes are typical412 of ring 
reduction in MPc complexes with two bands in the 500 to 600 nm region and the 
decrease in the Q band. Thus the MnIlTETPc·2 complex is reduced MnIlTETPc·3 species 
at potentials of processes I considering only short range . The UV-Visible absorption 
maxima (Amax) relating to the central metals for the various MPc complexes are 
summarized in Table 4.2 . E lectrode modification using some of the synthesized 
complexes is discussed next in Chapter Five. 
400 500 600 
Wavelength I nm 
700 800 
Fig 4.14a: UV-Visible spectral changes observed during controlled potential (OTILE cell) 
reduction of - 3.0 mM MnTETPc, in DMF containing 0.1 M TBABF 4. Applied potential = - 0.5 
V vs. AglAgCI 
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(b) 
400 500 600 
Wavelength I nm 
Electrochemical Properties 
700 800 
Fig 4.14b: UV-Visible spectral changes observed during controlled potential (OTTLE cell) 
reduction of -3.0 mM MnTETPc, in DMF containing 0.1 M TBABF4 • Applied potential for --
1.1 V vs. AglAgCl 
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Electrode Modification 
This chapter is concerned with the methods employed to attach the 
metallophthalocyanine complexes studied in this thesis on electrode surfaces. The 
following methods were used to immobilize the complexes: Electropolymerization; drop-
dry and chemisorption by self-assembly. The spectral and electrochemical properties of 
the immobilized species, on different electrode substrates, will be discussed in this 
chapter. First, the electropolymerization will be discussed, followed by the drop-dry 
method and finally the self-assembled monolayer (SAM) formation. 
Chapter Five 
5.1 Pyrrole 
(7-12) 
Electrode Modification 
Substituted Metallophthalocyanines 
Glassy carbon and ITO electrodes were employed for the polymerization. The 
ITO modified electrodes were employed for spectral studies. The polymerization of only 
CoTPhPyPc (7), NiTPhPyPc (10) and CoTPOPyPc (12) are presented as representatives 
for the rest of the pyrrole substituted MPcs. Electropolymerization was also observed for 
the rest of the pyrrole substituted complexes, FeTPhPyPc (8), MnTPhPyPc (9), and 
ZnTPhPyPc (11). Electropolymerization of the pyrrole-substituted phthalocyanines was 
difficult to achieve in DMF. Indeed, no formation of thin films was visible on the surface 
of the electrodes, probably because of the high solubility of the oligomer (intermediates) 
in DMF, as it was previously reported in the case some pyrrole-substituted complexes.413 
Only dichloromethane (DCM) showed promising utility, thus DCM was used to perform 
the electrochemical polymerization of the prepared complexes. 
5.1.1 Electropolymerization of Cobalt-tetra-4-(pyrrol-l-
yl)phenoxyphthalocyanine (CoTPhPyPc, 7) 
Fig 5.l shows the cyclic voltammogram of CoTPhPyPc (7) in DCM + 0.1 M 
TBABF4 solution, at a glassy carbon electrode. The CV indicates that the complex 
exhibits in the potential range, - 1.4 to 1.2 V vs. AgJAgCl, the prev iously discussed redox 
processes shown in DMF (see Fig 4.1) and assigned to metal oxidation and the formation 
of CoIIlTPhPyPc·2 species at 0.70 V (I) and metal reduction followed by ring reduction 
leading to the formation of Co iTPhPyPc·2 and CoiTPhPyPc·3 at - 0.4 V (II) and - l.l V 
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(III) vs. AgIAgCI, respectively. However, in DCM (Fig 5.1), the peaks were less resolved 
compared to DMF, Fig 4.la. 
[ 20llA 
II 
-1400 -900 -400 100 600 1100 
E I mV (vs. AgIAgCI) 
Fig. 5.1: Cyclic voltammogram ofCoTPhPyPc (7) in DCM containing 0.1 M TEABF,. Scan rate 
= 200 mVs'], concentration = 3 x 10.3 M, electrode = GCE. 
Fig 5.2 shows the evolution . of the cyclic voltammograms of CoTPhPyPc during 
repeated potential scans from - 0.6 V vs. AglAgCI to 1.2 V vs . AglAgCl. The continuous 
increase in the amplitude of the cyclic voltammetric peaks for the previously described 
systems related to Co IIITPhPyPc·2/Co IlTPhPyPc·2 (couple I, Fig 5.2) and CoIlTPhPyPc' 
2/CoITPhPyPc·2 (couple II, Fig 5.2) processes indicates that a film was formed on the 
electrode as a consequence of electrochemical polymerization of the attached pyrrole 
groups due to their irreversible electrochemical oxidation. In addition, after 5 potential 
scans, a new peak appears around 0.4 V vs. AglAgCl. A similar peak (referred to as 
"prepeak") at the onset of polymer matrix oxidation has been observed for numerous 
types of functionalized electro active polymer films429-434 The intensity of the peak 
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around 0.4 V increases with the number of scans and its potential shifts gradually to more 
positive values. 
-0.2 0.2 O.S · 1 
E I V (vs. AgIAgCI) 
Fig 5.2: Evolution of the cyclic voltammograms of complex CoTPhPyPc in DCM containing 0.1 
M TEABF4 during repetitive cycling (only 15 scans are shown). Scan rate = 200 mVs' \ 
concentration = - 1.5 x 10.3 M. electrode = GCE. 
This new anodic process depicts the electroactivity of the polymer matrix formed 
during the electropolymerizing scans, as it has been previously reported with other 
pyrrole-substituted complexes'02,4l5 Note that the number of the electropolymerizing 
scans controls the amount of the deposited complex and thus the surface density of the 
obtained film. 405,4,5 Several attempts at electropolymerizing the complex by scanning the 
potential electrode through wider ranges, by varying either the anodic or the cathodic 
limits, did not favour the expected typical evolution for the electropolymerization of the 
complex shown in Fig. 5.2. After seven consecutive scans, the peak current related to the 
COli/COl couple decreased gradually until no current signal was observed as the cycling 
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continued. However, the peak currents related to the polymer pre-peak and the Com/Coli 
progressively increased as the scanning continued until up to 120 electropolymerization 
scans. 
After a period of scanning, the electrode is transferred after rinsing in DCM to a 
DCM + 0.1 M TBABF4 solution (without monomeric CoTPhPyPc in solution). In 
addition to the new polymer peak, the cyclic voltammogram of this electrode (Fig 5.3) 
exhibits the electrochemical responses previously described for the complex in solution. 
This indicates that a polymeric phthalocyanine film, noted as poiy-CoTPhPyPc, was 
formed on the electrode. The two well-defined pairs of peak, which can be attributed to 
the CoIllTPhPyPc·2/CoIITPhPyPc·2 (1) and CoIlTPhPyPc·2/CoITPhPyPc·2 (II) redox 
processes, are observed at nearly the same potential as for the monomer redox systems in 
solution. The additional anodic peak (prepeak) assigned to the polymer matrix 
electroactivity (as previously discussed) appears only upon scanning the electrode 
potential through values more negative than - 0.2 V vs. AglAgCI. 
No prepeak was observed when the initial potential was more negative the - 0.2 
V. However when the second sweep was allowed to start from potentials more neative 
than - 0.2 V, (such - 0.6 V vs. AglAgCl in Fig 5.3), the polymer prepeak became very 
apparent. This observation has been referred to a 'memory effect' where the response of 
the film depends on its preceding treatment432 ,436 The term 'memory effect' was first 
proposed by Odin and N echtchein 436 for the modification of the oxidation wave of 
polypyrrole, polyaniline (and related polymers) after an extended exposure to a high 
negative potential. The first scan is different from the second and subsequent scans in that 
there was no polymer peak observed during the first scan. However, upon reversal, and 
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at a switching potential of - 0.6 Y, the polymer peak became evident. This may be due to 
the activation of the polymer peak at a more negative potential. 
COlli/COli 
Polymer pre peak 
~ 
COli/CO' 1
st scan 
+ 
-600 -200 200 600 1000 
ElmV (vs. AgIAgCI) 
Fig. 5.3: Cyclic voltammograms of poly(Co-TPhPyrPc) film (prepared as indicated in Fig 5.2) 
after its transfer to a fresh DCM containing 0.1 M TEABF4 solution .. Scan rate = 200 mYs", 
concentntion = - I x 10-4 M, electrode = GCE. 
It should be noted that the obtained cyclic voltammograms, as shown in Fig. 5.3, 
are very stable upon repeated potential scans, i.e. after the first scan. A plot of scan rate 
vs. current for the modified electrodes in blank electrolyte solution was linear. The 
polymer surface coverage was estimated by integrating the area under the COlli/COli wave 
and the results are in the range of monolayer coverage as indicated in Table 5.1. 
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Table 5.1: Total surface coverage of the polymer modified electrodes using complexes 7, 10 and 
12. 
Complex No of scans Surface coverage (moles cm,2l 
20 1.97 x lO'JU 
CoTPhPyPc (7) 30 2.81 x 10,1 0 
60 3,91 X 10,10 
120 5,18 x 10 ,10 
20 2.04 X lO"u 
40 3,23 X 10,10 
CoTPOPyPc (12) 60 3,98 x 10,10 
80 4,58 x 10 ,10 
100 4.92 X 10,10 
10 1.21 x lO"u 
20 2,01 X 10,10 
NiTPhPyPc (10) 30 1.98 x 10,10 
40 1.38 x 10 ,iO 
Spectral characterization of Poiy-CoTPhPyPc on ITO 
The electropolymerization of CoTPhPyPc (7) complex was further studied on 
optically transparent indium tin oxide (ITO) electrodes. Fig 5.4 shows the typical CVs 
obtained during a continuous scan of 1.5 mM of complex 7 in DCM + 0,1 M TBABF4 on 
ITO electrode, and these are similar to Fig 5.3, Indeed, poly-CoTPhPyPc films were 
obtained on ITO electrodes and this allows the monitoring of their growth by the changes 
observed in the UV -Visible spectra. The spectra were recorded by placing the dry poly-
CoTPhPyPc-ITO electrodes in the light path of the spectrometer. 
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i10PA 
-600 -200 200 600 1000 
ElmV (VS. Ag/AgCI) 
Fig 5.4: Evolution of the CVs of 1.5 mM CoTPhPyPc in DCM containing 0.1 M TBABF, during 
repetitive cycling. Scan rate: 200 mVs·1 Electrode: ITO 
Typical spectra for three films of polymeric CoTPhPyPc (7) prepared by 30, 60 
and 120 electropolymerizing scans are shown in Fig 5.5. The curve labelled C*) 
corresponds to the absorption spectra of CoTPhPyPc monomer in DCM solution and 
shows bands at 600 and 680 nm. The UV-Visible spectra obtained for the polymer films 
are similar to monomer species, but exhibit a notorious broadening of the bands along 
with a red shift. Such a considerable broadening of UV -Visible bands have been 
previously reported in the case of electropolymerized metalloporphyrin and 
h h I . fil 283399437 d I' d' f k' d h ' h . f pta ocyamne 1 ms . . an exp ame III terms 0 stac mg an 19 aggregatIOn 0 
the complexes on the electrode surface. The intensity of the absorption bands increased 
with the number of electropolymerizing scans, indicating that the electroforrnation 
process of the film progresses during the cycling of the potential. The similarity of the 
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polymer and monomer spectra indicates that the Pc conjugated-ll system has remained 
intact upon electropolymerization. 
* 
0.27 
'" g 0.17 
'" .0 
-o 
VI 
~ 
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450 500 550 600 650 700 750 800 
wavelength (nm) 
Fig. 5.5: Absorption spectra of poiy-CoTPhPyPc films on ITO electrodes prepared with 30, 60 
and 120 electropolymerizing scans as indicated in Fig. 5.4. The curve labelled (*) corresponds to 
CoTPhPyPc monomer adsorbed by dipping ITO in DCM solution of complex 7. 
5.1.2 Electropolymerization of Cobalt-tetra-5-(pyrrol-l-
yl)pentoxyphthalocyanine (CoTPOPyPc, 12) 
As stated earlier, the electropolymerisation ofN-substituted pyrrole functionalised 
MPcs are easier to achieve in DCM than in DMF. Fig 5.6 shows the voltammogram 
evolutions during a repetitive cycling of CoTPOPyPc (12) in a DCM solution containing 
0.1 M TBABF4. The continuous increase in both the anodic and cathodic waves shows 
that there is the formation of polymeric films on the electrode. The increase in the 
irreversible anodic wave around 0.2 V (vs. AgIAgCI) (Fig 5.6a) relates to the polymer 
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formation emanating from polymerization of the attached pyrrole ring405 as observed 
above in the case of CoTPhPyPc (7). The couple at - 0.6 V is associated with COlli/COIl 
oxidation observed as I in Fig 4.2 for the monomer in DMF. 
(a) 
1St " cycle 
Polyme r pre peak 
, 
-600 -200 200 600 1000 
E I mV (vs. AgIAgCI) 
Fig 5.6a: Evolution of the cyclic voltarnmograms of complex CoTPOPyPc in DCM containing 
0.1 M TEABF4 during repetitive cycles for the first 15 scans. Scan rate = 200 mVs" , 
concentration = - 0.9 mM, electrode = GCE. 
20pA 
-600 -200 200 600 1 
E / mV (V5. AgIAgCI) 
Fig 5.6b: Evolution of the cyclic voltammograms of complex CoTPOPyPc in DCM containing 
0.1 M TEABF, during repetitive cycles for 50 scans showing the overlap of the polmer prepeak 
with the Co"'/Co" redox process .. Scan rate = 200 mVs" , concentration = - 0.9 mM, elecn'ode = 
GCE. 
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Upon continuous' scanning, it can be seen that the wave ascribed to the polymer 
shifted to a more positive potentials until it overlaps with the process due to the central 
metal (Fig. 5 .6b). Considering the consistency, (i.e. no shift), of the peak potential for the 
central metal redox process as a function of electropolymerisation scan number, the shift 
in the wave due to the polymer may have resulted from the reorganisation of the poiy-
CoTPOPyPc.438 The growth mode of Pc thin films is said to depend on various conditions 
including molecular structures, central metal, substrate materials (i.e. the electrode 
material) and the deposition rate. 17) This change in orientation is possibly allowed since 
the insulating pentoxy group is flexible enough to accommodate such a change as the 
electropolymerisation proceeds, as opposed to the voltammograms observed in the case 
of the more rigid phenoxy spacer in CoTPhPyPc (7). It was possible to control the surface 
concentration with the electropolymerization scan number. 
Fig 5.7 shows the cyclic voltammograms obtained when the poiy-CoTPOPyPc 
modified GCE is transferred into a blank solution of DCM + 0.1 M TBABF •. The 
numbers indicate the voltammetric scan numbers employed to obtain the respective 
polymer films. The voltammetric response of poiy-CoTPOPyPc film on repeated cycling 
in a blank DCM solution (i.e. without MPc monomer) is shown in Fig. 5.7b. It can be 
seen that the voltammogramms in Fig 5.7 are similar to the CV obtained during 
polymerization. The films can be cycled repetitively in the anodic direction more than 50 
times with a less than 10% loss of electro activity. The surface coverage of the complex at 
different scan numbers on the modified GCE show an increase with number of scans as 
summarized in Table 5.1 
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Fig 5.7a: Voltammetric responses of poiy-CoTPOPyPc electrode in blank DCM + 0.1 M 
TBABF, . solution for different scan numbers. The number shows the polymerization scan 
numbers. Scan rate : 100 mVs·' . 
(b) 
1 st scan+-------~~, 
110 J.IA 
10th scan ---..,.'-
-700 -300 100 500 900 
E I mV (vs. AgIAgCI) 
Fig 5.7b: Voltammetric responses of poiy-CoTPOPyPc electrode 111 blank DCM + 0. 1 M 
TBABF, solution upon repetitive cycling. Scan rate: 100 mVs·' . 
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5.1.3 Electropolymerization Nickel-tetra-4-(pyrrol-l-
yl)phenoxyphthalocyanine (NiTPhPyPc, 10) 
Fig 5.8 shows typical cyclic voltammograms observed during film growth in the 
monomer solution of 1.5 mM NiTPhPyPc in DeM containing 0.1 M TBABF4 . The 
growth was only observed, and more obvious, when the anodic switching potential was 
above 1.1 V, hence 1.2 V vs. AglAgCI was used as the oxidation potential in agreement 
with the previous results using CoTPhPyPc (7). The couple observed at - 0.78 V in Fig 
5.8 was not observed for complex 10 in DMF (Fig 4.1d) and was not observed in the first 
scan in Fig 5.8 thus suggesting that it is a consequence of polymer formation. 
-0.3 o 0.3 0.6 0.9 1.2 
E I V (Vs. AgIAgCI) 
Fig 5.8: Repetitive cyclic voltammograms of 1.5 mM NiTPhPyPc in 0.1 M TBABF4 + DeM. 
Scan rate: 200 mVs" . Horizontal arrows show the direction of scan. 
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As it is shown in Fig 5.8, there is a noticeable difference between the first scan 
and the subsequent scans. The direction of the scan was reversed at a potential just 
before the pyrrole oxidation peak. This 'early' potential switch resulted in a loop. This is 
an observation occurring where a surface phase is formed by a nucleation and growth 
mechanism as reported by Asavapiriyanont et al. 439 in the case of polypyrrole formation 
on platinium electrode, and it indicates that the oxidation of the pyrrole attached to the Pc 
ring occurs more readily on the polymer than on unmodified GeE, i.e., the formation of 
polymer involves a nucleation step.4J9-442 The shift of the polymer peak to more positive 
potentials on cycling suggests an increase in the electrical resistance of the polymer film 
and that an overpotential is needed to overcome the resistance443 A progressive change 
from light green to dark green, as the film thickens, was seen on the electrode surface 
depending on the sweep number. 
Fig. 5.9 shows the cyclic voltammograms for poly-NiTPhPyPc obtained form 10, 
20 and 30 cyclic scans. It can be seen that above 20 electropolymerisation cycles, the 
polymer film tends to lose conductivity. When the scan number was increased to 40 
cycles, a further decrease in peak current was observed. Thus, the optimum sweep 
number of 20 scans gave the best result (in terms of conductivity) for a monomer solution 
of 1.5 mM of the NiTPhPyPc complex, and was employed for subsequent studies. The 
polymer is denoted as [poly-NiTPhPyPcho. The estimated surface coverage for each 
cycle scan number shows an increase until 20 scans then a decrease as indicated in Table 
5.1. The surface coverage was in the order of - 10-10 moles cm-2, hence a monolayer 
coverage. 
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Fig 5.9: Cyclic voltammograms of poly-NiTPhPyPc-GCE electrode in 0.1 M TBABF4 + OCM. 
Scan rate: 200 mVs·1 The numbers indicate the scan numbers used to obtain the films. 
Fig 5.10 shows the evolution of the cyclic voltammograms obtained during a 
repetitive cycling of [poly-NiTPhPyPc ho electrode in 0.1 M NaOH solution between - 0.1 
and + 1.1 V vs. AglAgCI. The progressive increase of the anodic and cathodic waves 
between 0.1 and 0.4 V, vs. AgIAgCI, is indicative of the transformation of poly-
NiTPhPyPc to poly-Ni(OH)TPhPyPc as suggested by literature444,445 in the case of nickel 
tetraaminophthalocyanine (NiTAPc) and NiTSPc. The voltammogram in Fig. 5.10 is 
similar to those previously reported for NiTAPc complex443,444 except that in the present 
study, the wave corresponding to the organic moiety of the macrocycle of the Pc appears 
to be significantly involved in the transformation process. 
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1st scan 
-0.1 0.3 0.5 0.7 0.9 1.1 
E I V (Vs. AgIAgCI) 
Fig 5.10: Repetitive cyclic voltammograms of poly-[NiTPhPyPcJ,o in 0.1 M NaOH for the 
transformation of poly-[NiTPhPyPc12o to poly-Ni(OH)TPhPyPc. Scan rate: 200 mVs·' . Insert: 
Expansion of the 0.1 to 0.4 V area. 
Indeed, during the first scan, a large anodic current was observed at E - + 0.5 V 
showing that a transformation of the poly-NiTPhPyPc film was occurring. As soon as the 
second scan was performed, the intensity of the peak at - + 0.5 V became significantly 
smaller and shifted to more positive potentials, showing the end of the irreversible 
transformation of the film. In addition, a new well-defmed couple of voltammetric peaks 
appears centred around 0.25 V, which grows continuously until a steady state is reached. 
The shape of the final cyclic voltammogram is very similar to those obtained with 
electroformed nickel macrocyclic-based films in alkaline aqueous solution, which are 
also similar to those of Ni(OHl2 electrode446,447 This tends to show that during the 
electrochemical treatment of poly-NiTPhPyPc in alkaline aqueous media, the nickel 
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phthalocyanine incorporated into the polymeric film behaves in a similar manner to 
nickel hydroxide electrode and this can be explained by the changes in the axial 
occupation of the Ni sites as a consequence of the formation of the O-Ni-O oxo bridges in 
alkaline aqueous solution. The increase and shift of the waves related to the Ni(OHh-like 
redox process stabilized after 37 scans, thus all tranformations could be attained, at most, 
between 35 and 40 cyclic scans. Fig 5.11 shows the cyclic voltammogram of poly-
Ni(OH)TPhPyPc in blank 0.1 M NaOH solution. The well-defined couple between 160 
and 320 mY vs. AglAgCI indicates that O-Ni-O oxo bridges have formed. 443,444 
.. ... _ ....................... ... 
0.17 0 .27 0.32 0,37 
E I V (V5. Ag I Agel) 
Fig 5.11: Cyclic voltammograms of (a) unmodified and (b) poly-Ni(OH)TPhPyPc VC electrode 
in 0.1 M NaOH solution. Scan rate: 200 mVs· l . 
The proposed mechanism, (based on references 441 and 442), for the 
electrotransfonnation of poly-NiTPhPyPc to poly-Ni(OH)TPhPyPc is shown in Scheme 
5.1. The initial insertion of the hydroxyl group between the nickel and the GCE at the 
poly-NiTPhPyPc-electrode interface may be responsible for the huge current observed in 
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the first scan as reported in literature complex444,445 After this first scan, the subsequent 
scans afford the continuity of the O-Ni-O link in the presence of the OR in the 
electrolyte solution, hence the increase in the current signal associated with the nickel 
hydroxide-like electrode in the CV (Fig 5.10 insert). Thus the role of the OR group is to 
furnish the oxygen required for the O-Ni-O linkage in the polymer. 
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Scheme 5.1: Proposed mechanistic pathway for the electrotransforrnation of poly-NiTPhPyPc to 
poly_Ni(OH)TPhPyPc.444.445 
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Spectral characterization of Poly-NiTPhPyPc and poly-Ni(OH) TPhPyPc 
UV -Visible spectral studies were conducted to record the spectral changes on the 
thin films of the polymer on ITO (dry film). The results were correlated with those 
obtained from GeE for different electropolymerization scan numbers. Fig 5.l2a shows 
the spectra of four different polymer films on ITO electrodes. The numbers indicated on 
the curves represent the respective electropolymerisation scan numbers employed to 
obtain the polymer films . 
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Fig 5.l2a: UV-Visible spectra of poly-[NiTPyPhPy),,-ITO electrode (dry film). The numbers 
show the scan numbers used to obtain the polymers. (*): UV-Visible spectrum of freshly 
adsorbed monomer on ITO (by placing the ITO in a solution of monomer and allowing it to dry). 
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Fig 5.12b: UV-Visible spectra of (i), poly-(NiTPhPypc),o before electrotransformation and (ii), 
poly-Ni(OH)TPhPyPc on ITO electrode (dry film). 
The spectra corresponding to .10 ' and 20 cyclic scans show a progressive increase 
in 11: conjugation as the polymer density increased and there is a decrease in peak height 
after 20 scans confirming the observation for GCE (Fig 5.9). The increase in absorbance 
(up to 20 scans) could also be a result of stacking of the monomeric species. The relative 
increase in the absorbance of the high-energy band, (at 621 nm), compared to the low-
energy band at 671 nm shows that the polymer formed is a product of the dimeric species 
formed from the monomer as the voltammetric cycling is continued. It has been shown 
earlier that the dimeric species of the NiTPhPyPc predominates at higher concentrations 
of the complex 10 (see Fig 3.2b, trace IV, Chapter Three). It has been shown,'50,448,449 
that oligomers are formed and play an important role during the growth of poly pyrrole 
and poly thiophene. Electropolymerization is known to occur simultaneously with the 
formation of dispersed or dissolved oligomers in the monomer solution in which the 
electrolysis is taking place. Since polymers formed from small oligomers are expected to 
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have more cross-linked structures than those formed from strictly monomer solutions4So it 
not surprising that as more oligomers are formed and dispersed in the solution, some non-
conducting cross-linked oligomers may be trapped into the polymer film. It seems that as 
the cycling number is increased more oligomers of different lengths are formed. These 
oligomers are probably trapped in the polymer films hence reducing the 1t-conjugation of 
the "effective" polymer. This process may increase the cross-linking and lead to loss of 
conductivity as electropolymerization progresses, thus explaining the decrease in peak 
currents and absorbances of the polymer formed from cycles above 20. The loss of 
conductivity could also be due to a different type of polymer which is less conducting. 
The electropolymerization was also affected by the concentration of the monomer 
solutions. At higher concentrations, the maximum conducting state of the polymer or 
oligomer is soon attained followed by a rather early loss of conductivity. The 
observation may be due to faster cross-linking of polymers as more non-conducting 
oligomers are expected to form at higher concentrations. The conducting state of the 
oligomer (or polymer) seems to occur above five electropolymerization cycles. This 
assumption was reached from the fact that there was no noticeable change in the 
voltammograms and UV -Visible spectra when the electrodes were transferred into blank 
TBABF4 solution after five cycles. It could also imply that there was not enough 
polymer film on the electrode surface, after five cycles that can be observed by UV-
Visible spectrophotometric measurement. 
The UV-Visible spectrum of poly-Ni(OH)TPhPyPc on ITO is shown in Fig. 
5.12b. The high energy absorption peak (at 623 nm) for poly-Ni(OH)TPhPyPc is of 
about the same intensity as the low energy peak (at 671 nm). Whereas for the poly-
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[NiTPhPyPc ho on ITO, the high energy peak is more intense than the low energy peak. 
The band at 500 nm may be related to complexes containing oxo bridges formed between 
the individual Ni(IlI) species on the ITO as suggested by Hahn et al4 51 using UV-Visible 
reflectance spectroscopy. 
5.2 Tetraamino Metallophthalocyanine Complexes 
(19 and 20) 
For the MTAPc complexes, electro polymerization was achieved in DMF since the 
complexes were not soluble in DCM. As indicated above in the case of the pyrrole 
substituted MPcs the electropolymerization were performed on GCE and ITO electrodes. 
5.2.1 Eleetropolymerization of Chromium tetraamino-
phthaloeyanine (CrT APe, 19) 
It is known that repetitive cyclic voltammetry scanning of solutions containing 
MTAPc in DMF results in the polymerization of the species onto electrodeJ48.452 
Polymerization of CrTAPc was achieved by scanning in the potential range - 0.6 to + 1.3 
V (vs. AgIAgCI). Repeated cycling of the monomer in this potential range resulted in the 
deposition of an electro active polymer on the GCE surface. Fig 5.13 shows the evolution 
of voltammograms during the electropolymerization. There was a general increase in 
currents with scanning, except for the currents in the 700 m V region which decreased. 
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Fig 5.13: Evolution of cyclic voltanunograms during electropolymerization of CrT APc in DMF 
containing 0.1 M TBABF, on GCE. Scan rate: 200 mVs·'. 
The oxidation of the amino group is believed to generate free radicals, which 
initiate the electropolymerization process. It was possible to control the surface 
concentration of the polymer by varying the electropolymerisation scan number. In this 
study, scan numbers: 20, 40, 60, 80 and 100 (hereinafter referred to as [poly-CrT APc)" 
where x = number of scans), were used and the conductivities of the polymer films were 
examined as a function of the Faradaic currents of the cathodic and/or anodic waves in 
the blank electrolyte solutions (either TBABF4 in DMF, or pH 7.3 and pH 4.3 buffers). 
Fig 5.14 shows the CY for modified electrodes in a blank pH 4.3 acetate buffer 
solution. The numbers represent the number of repetitive cycles employed during the 
electrosynthesis of the polymer. An interesting feature is the colour of the po/y-CrTAPc 
modified electrode surface. The surface of the electrode was green when the 
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polymerisation scan number was 20 ([poly-CrT APc ho). With [poly-CrT APc ]40, [poly-
CrTAPc ]60 and [poly-CrTAPc ho the electrode surfaces changed gradually from green to 
light blue. Since there was an increase in conductivity going from [poly-CrTAPc ho to 
[poly-CrTAPc ]40, the colour change could simply be a result of increasing surface density 
of the polymer on the electrode. 
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Fig. 5.14: Voltammetric profiles of the absorbed CrTAPc polymer on a GCE in a N, deaerated 
pH 4.3 acetate buffer solution. Scan rate: 200 mVs-I The numbers correspond to the number of 
repetitive scans used for the respective polymerization. 
The reduction peak near 100 m V, after 20 cycles on the reverse scan, shifted to 
more negative potentials with increase in polymerization scan number in Fig 5.14. 
Surface coverage on the electrode was calculated from the area under the peaks for the 
last cycle, after the specified scan numbers, and was found to be of the order of 10-10 mol 
cm-Z, typicaf83 value for monolayer coverage. Comparing the peaks in Fig 4.9 with the 
peaks of the polymer in Fig 5.14, it is likely that the peaks near 950 and 675 mV for the 
polymer, Fig 5.14, are due to ring based oxidation processes of the polymer and the peak 
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(between 0 and 300 mY) which shifts to negative potentials with scan number is due to 
the preceding metal based oxidation, CrlvTAPc·2/CrIlITAPc·2 . Above a polymerization 
scan number of 80, there was a steady decrease in current in the 400- 1000 mY range, 
which was accompanied by a dramatic change of electrode surface colour from light blue 
to deep blue. This shows that the optimum polymerization scan number is around 80 
within the limits of experimental conditions employed in this work. The decrease in 
current between 400 and 1000 mY (Fig 5.14) shows that after the optimum 
polymerization scans, the poly-CrT APc modified electrode becomes less conducting 
(resistant to further polymerization of the active surface). Electropolymerization was also 
performed on indium tin oxide (ITO) coated glass electrodes. The evolution of the 
voltammograms was similar to that observed for the GCE as can be seen in Fig 5.15. 
-600 -200 200 
E/mV 
600 1000 
Fig 5.15: Evolution of cyclic voltammograms during electropolymerization of CrTAPcin DMF 
containing 0.1 M TBABF4 on ITO. Scan rate: 200 mVs". 
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Spectral Characterization of Poly-CrTAPc on ITO 
Fig 5.16 shows the spectra for the monomer on ITO and the increase in the 
intensity of the absorption bands with increase in polymerization scans on ITO. Very 
broad spectra were observed for the polymers compared to the adsorbed monomer (Fig 
5.16 (*)). The monomer was adsorbed onto the ITO by dipping the ITO electrode in the 
CrT APc solution, and drying in air. The peak broadening of the polymer spectra has been 
attributed to the aggregation of the phthalocyanine polymer on the ITO.283 
400 500 600 700 800 900 
Wavelength Inm 
Fig 5.16: UV-Visible spectra of [poly-CrTAPcJ,o; [poly-CrTAPc14o; [poly-CrTAPcl80 on ITO. (*) 
monomeric CrT APe (adsorbed by dipping the ITO electrode in the CoT APe solution, and dying 
in air). The spectra are recorded in pH 4.3 buffer. 
The films grown by different electropolymerization scan numbers can also be 
showed by examining their surface morphology (Figure not shown). It was easy to see 
the surface structure of the films increase progressively with a more uniform and finely 
networked pattern as the electropolymerization scan number increased from 20 to 60. The 
observation confirmed that there was progressive aggregation or stacking of the poly-
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CrTAPc on the electrode surface with scan number as suggested by the increase in the 
absorbance of the UV-Visible spectra of the polymers 
5.2.2 Eleetropolymerization Manganese tetraamino-
phthaloeyanine (MnT APe, 20) 
Fig 5.17 shows that repetitive scanning of MnTAPc solution in DMF results in a 
gradual increase in the Faradaic current for both the oxidation and reduction processes. 
The CV peaks are similar to those observed for the monomer in Fig 4.1 Oa except that the 
peak at - 1.37 V, (labelled VI), is more easily observed here on repetitive scanning. 
600 -1100 -600 -100 400 900 
E I mV (vs. AgIAgCI) 
Fig 5.17a: Evolution (on GCE) of the cyclic voltanunograms of MnTAPc in DMF containing 0.1 
M TBABF4 during repetitive cycles and the fonnation of poly-MnTAPc. Long range scan: - 1.6 
to + 1.2 V vs. AglAgCI (only eight scans are shown). Scan rate: 200 mVs·'. 
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(b) 
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Fig 5.17b: Evolution (on GCE) of the cyclic voltammograms of MnTAPc in DMF containing 0.1 
M TBABF4 during repetitive cycles and the formation of poly-MnTAPc. Short range scan: - 0.6 
to + 0.9 V vs. AglAgCl. Scan rate: 200 mVs·' . 
As seen in Fig 5.18 (a and b), the first scan is different from the subsequent scans 
suggesting that different species (the polymer) is formed on the electrode. The increase in 
currents on repetitive scanning is also attributable to the polymeric species deposited onto 
the electrode. The anodic to cathodic peak separations of the polymer couples are wider 
than for the monomer. This behaviour suggests an increased electrical resistance and the 
resistance to mass transport as the surface concentration of the polymer increases and this 
becomes a major obstacle to fast growth. 139 The polymer formed was clearly visible on 
the electrode as a blue surface. It was found that after 11 0 cyclic voltammetry cycles 
there was no observable increase in the current attributed to the polymer, suggesting the 
complete electropolymerization, i.e. no further adsorption of the polymer onto the 
electrode. The couples shifted to more positive values with cycling. Fig 5 .17b shows the 
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effect of short-range polymerisation (scanning range: from - 0.50 to 0.90 V), as opposed 
to long range polymerisation (scanning from - 1.8 to 1.2 V in Fig 5.17a). As discussed in 
Chapter Four, cyclic voltammograms recorded using a wide window results in less 
reversible couples than observed for narrower scan windows. Polymerizing in the narrow 
potential window resulted in improvement in the sharpness of the peaks, Fig 5. 17b, and a 
much smaller increase in anodic to cathodic peak separations of the couples on 
polymerization, compared to the increase in peak separation in the larger potential 
window. Thus, for a wide potential window there is apparent loss of conductivity and 
electroactivity, but the condition improves for a narrower potential window. This 
observation has been suggested to be due to oxidation reactions which lead to a loss of 
conjugation in the case of poly pyrrole, when scanning within a long potential range.411 
There is less cross-linking and fewer structural defects at a smaller potential window. At 
high reducing or oxidizing potentials, side reactions can lead to products which attack the 
polymer. The cyclic voltammetry behaviour of the polymer film formed within a narrow 
potential window was more reproducible compared to the wider range one. Hence, the 
electrode film formed from the former was used in all subsequent studies. Different 
polymerization scan numbers were done but catalytic properties of the electrodes were 
examined with the films obtained from 20 scans (denoted [poly-MnTAPcho). The 
surface coverage was in the order of 10-10 mol cm-2 expected for monolayer coverage on 
the electrode surface. The plot of current versus scan rate was linear for the polymer as 
expected for surface adsorbed species. 
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5.2.2.1 pH Study of the Redox Processes of Poly-MnTAPc 
The cyclic voltammograms of the electrode (GCE) coated with the polymer, [poly-
MnTAPcll lO cycled in the blank electrolyte (DMF + TBABF4 and at different pHs in 
aqueous media) solutions are shown in Fig 5.1S. Surface coverage on the electrode was 
calculated from the area under the peaks obtained from cyclic voltammetry when the 
coated electrode was placed in the blank TBABF4 + DMF (Fig 5.ISa) and pH 4 buffer 
solution (Fig 5 .ISb), and cycled until no further increase in current was obtained (us~ng 
liD scans). The surface coverage was of the order of 10-10 mol cm-2 
(a) in DMF 
i20PA 
.. - ... , 
• 
-500 -300 
. , 
. , 
1 20 
.. f ..... --
--. --
II 
III + IV 
---
-
.. - ... ..., 
--- ' .. ' 
-100 100 300 500 700 
E I mV (vs. AgIAgCI) 
• 
• 
. ,
• 
900 
Fig 5.l8a: Cyclic voltammograms of poly-MnT APc film, after its transfer to fresh DMF + 0.1 M 
TBABF, and then continuously scanned. Scan rate: 100 mVs· l . Electrode: GCE. The peaks are 
labelled for the 20'h scan. 
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(b) pH 4.0 
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Fig 5.l8b: Cyclic voltammograms of poly-MnTAPc film, after its transfer to fresh pH 4 and then 
continuously scanned. Scan rate: 100 mVs·' . Electrode: GCE. The peaks are labelled for the 10th 
scan. 
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Fig 5.l8c: Cyclic voltammograms of poly-MnT APc film, after its transfer to fresh pH 7 and then 
continuously scanned. Scan rate: 100 mVs·1 Electrode: GCE. The peaks are labelled for the lOth 
scan. 
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Fig 5.18d: Cyclic voltammograms of poly-MnTAPc film, after its transfer to fresh pH 9 buffer 
solutions, and then continuously scanned. Scan rate: 100 mVs·' . Electrode: GCE. The peaks are 
labelled for the 10'h scan. 
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Fig 5.18e: Cyclic voltammograms of poly-MnTAPc fi lm, after its transfer to fresh pH 11 buffer 
solutions, and then continuously scanned. Scan rate: 100 mVs· ' . Electrode: GCE. The peak 
labelling for the 10'h scan. 
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The potentials of polypyrrole polymer are known to shift to more negative 
potentials with increase in pH.453 Four couples are observed in Fig 5.19b, and the 
potentials of the stabilized peaks or couples are E lIl = 0.42 (II, MnlVPc2'/Mnlllpc2'), - 0.07 
(Ill, MnIllPc2'/MnllPc2') and - 0.27 V (IV, MnllPc2-;MnllPc3'). The last reduction couple 
at ,0.46 V (V) is most likely due to further reduction of the ring and the formation of a 
Pc" species. Fig 5.18 also shows that the couples shift to more negative potentials with 
increase in pH (only pHs 4, 7, 9 and 11 shown). In all cases, there is a decrease in current 
with scan number, but the current soon stabilizes with a reduction in intensity of about 
20% (for couple III). For some pHs, (e.g. pH 7 and 11), a shift in peak potential to more 
negative values with cycling for each pH was observed, until only couple III and/or II 
remains, since the other peaks are beyond the scan range . For pH 11 , only couple II is 
observed, but is shifted to negative potentials (Fig 5.18e). The shift to the negative 
potential with increase in pH suggests that OK is involved during the redox process. As 
the pH increases, the couple(s) becomes more irreversible. The peak becomes less 
reversible with cycling at each pH. The best reversibility is observed in acid media (Fig. 
5.18b), suggesting that the It ions assist in the electron transfer associated with the 
couples. However, as will be shown below, the dependence of potential on pH at low pH 
was not signi ficant. 
It is now accepted that anions become inserted into the phthalocyanine film to 
maintain charge neutrality during oxidation of the film 45' It is expected that smaller 
anions will allow oxidation better than larger anions. Fig. 5.19 shows the effect of 
anions: cr and N03' on the film. cr being a smaller anion shows marginally more 
resolved peaks than the larger N03' anion. There is no significant shift in the peak 
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potential with change in the nature of the anion. The solution was not buffered for Fig. 
5.19, but the pH of the bulk solution will be around 7. Comparing the voltammogram 
obtained at pH 7, Fig. 5.18c, with those in the presence ofCr and NO)' (Fig. 5.l9a and b) 
shows that the peaks in the presence of anions are shifted to more positive potentials. 
This shows that the presence of the smaller OH- in solutions allows for better oxidation 
than cr and NO)-. 
(a) cr 
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Fig 5.19a: Changes in cyclic voltammograms ofpoly-MnTAPc film, after its transfer to a 
solution containing 0.1 M KCl. Electrode: GCE. 
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(b) N03' 
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Fig 5.19b: Changes in cyclic voltammograms ofpoly-MnTAPc film, after its transfer to a 
solution containing 0.1 M KNO,. Electrode: GCE. 
The voltammetric response (couple II) of the polymer in different pHs is plotted 
against pH in Fig. 5.20. At low pH (2- 6), the response was basically independent of pH. 
At high pH (7-12), a 140 mY/pH slope was obtained indicating the involvement of a 
hydroxyl group during the electron transfer. It seems that the counterion content in the 
polymer films remains unchanged in acidic media and is progressively lost as the solution 
pH increases from neutral to more alkaline media. These observations suggest the 
involvement of protons and hydroxyl groups in the doping and de-doping of the polymer 
films and that protonation is highly difficult in alkaline media as suggested in literature 
report.453 
203 
Chapter Five 
300 
200 
-300 
-400 
-500 
• 
• • 
Y = -12.3x + 352.6 
R2 = 0.3453 
4 
Electrode Modification 
6 8 10 12 
Y= -137.08x + 1179 
R2 = 0.995 
pH 
Fig 5.20: Variation of peak potential with pH for couple II ofpoly-MnTAPc (Fig 5.18). 
5.2.2.2 Spectral Characterization of Poly-MnTAPc film 
Electropolymerization was also carried out on ITO, and the cyclic voltammetry 
changes were similar to those observed on GeE. It is known that electropolymerization 
of the MTAPc complexes on various metallic surfaces leads to films of similar properties. 
The spectrum poly-MnTAPc coated on an ITO surface was compared with that of the 
monomer on ITO. A very broad spectrum was obtained for the polymer (Fig 5.21, curve 
a) compared to that of the corresponding monomer (Fig 5.21 , curve b). The broadness 
may be attributed to the aggregation of the phthalocyanine polymer molecules on the ITO 
electrode,283 as discussed above for the other polymers. 
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Fig 5.21: Electronic absorption spectra of (a) polymer ([poly-MnTAPc],o) and (b) monomeric 
(MnTAPc) on ITO, formed by dipping the ITO in monomer solution and allowing to dry in air. 
5.3 Mercaptoyrimidin Substituted Metallo-
phthalocyanine (MTMPyrPc) (13-15) 
5.3.1 Electropolymerization 
MnTMPyrPc (14) is glven as example for the polymerization of the 
mercaptopyrimidin substituted Pcs. Fig. 5.22 shows a series of cyclic voltammograms 
(CVs) recorded during the formation of polymeric MnTMPyrPc (hereinafter referred to 
as poly-MnTMPyrPc) on GCE from DCM solutions. The fust scan in Fig 5.22 is similar 
to Fig 4.7b in DMF in that high intensity peaks are observed at potentials higher than 1.1 
V. These peaks are associated with the mercaptopyrimidyl substituent and/or ring 
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oxidation of the Pc. Process IV (- 70 mY) observed in Fig 4.7b can be seen during the 
first scan in Fig 5.22. The electropolymerization required high overpotentials to occur. 
This could be due to a high potential needed for the oxidation of the pyrimidyl group. 
The growth of new peaks can be taken as a measure of polymer growth on the electrode 
surface. 139•140 As can be seen in Fig 5.22, the currents due to the new peaks increased 
with the number of scans indicating that the polymer fi lm was growing. The slight 
increase in the peak separation with scan number suggests that the polymer film got 
increasingly less conductive as the surface concentration of the deposited species 
increased. This behavior results from the increased electrical resistance and the 
resistance to mass transport through the film as the film thickness increases which 
becomes a major obstacle to fast growth. 140 After 50 repetitive cycles, the electrode was 
thoroughly rinsed with purified DCM followed by washing with methanol and de-ionized 
water. The electrochemical behavior of the poly-MnTMPyrPc electrode was studied in 
phosphate buffer solution, pH 2-10. 
IV 
o 0.2 0.4 0.6 O.B 1 1.2 1.4 1.6 
E I V (vs. AgiAgCI) 
Fig 5.22: Repetitive cyclic voltammetry at a glassy carbon electrode, of 1.5 mM 
MnTMPyrPc in DCM containing 0.1 M TBABF4. Scan rate: 200 mVs·1 Electrode: GCE. 
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5.3.2 The Effect of pH on the Poly-MnIIITMPyrPc/ 
MnllTMpyrPc Redox Couples 
It is vital to understand the basic electrode reactions and evaluate the redox 
potentials as well as the site of electron transfer of the electrode modified with the 
polymer films. This is a necessary step in search of electrochemical applications in which 
this newly synthesized MPc derivatives can be used.455 Fig 5.23 shows some typical CYs 
for the poly-MnTMPyrPc modified GCE in aqueous solutions ranging from pH 2-7. The 
peaks of the p oly-MnTMPyrPc are in the range for MnIII/Mnll couple. This couple was 
observed at - 0.06 Y in DMF but shifted in aqueous media in the case of the adsorbed 
species. The CY curves show that there is loss of reversibility with increase in pH as was 
observed in the case of poly -.MnTAPc. This shows that the electron transfer process is 
highly favored in proton reach environments. In fact no cathodic wave was observed for 
CYs performed in phosphate buffer solutions above pH 8. It can be seen that the 
electrode process changed from reversible to quasi-reversible and finally to irreversible 
as the media changed from highly acidic to more alkaline. The anodic peaks seem to be 
less responsive to pH going from acidic to basic media (Fig 5.23). 
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Fig 5.23: Cyclic voltammograms of poly-MnTMPyrPc in aqueous phosphate buffer 
solutions. The respective pHs are as indicated on the curves. Scan rate: 100 mYs·1 
In highly acid solutions, the anodic and cathodic peaks are closer together 
meaning that oxidation and reduction are easier under these pH conditions, Fig. 5.23 . The 
decrease in reversibility with increase in pH is also demonstrated by Fig. 5.24 (curve a). 
It has been suggested that the lowering of pH increases the electroactivity of polypyrroles 
owing to a more open swollen film structure.453 As discussed above, as the pH increases, 
the couple becomes more irreversible, suggesting that the H+ ions assist in the electron 
transfer associated with the couples. The cathodic peak potential (Epe) vs. pH plot 
exhibits a linear relationship with slope of - 162 mY/pH, for pH ~ 4 and slope of - 31 
mY/pH, for pH between 4 and 7, Fig. 5.24 (curve b). The slope of the curve at pH < 4 
suggest that some of the aza-nitrogen of the Pc ring and/or the pyrimidin units of the 
polymer film become protonated when the electrode is immersed in acidic solutions and 
the linear dependence of Epe vs. pH in acidic to neutral solutions may have resulted from 
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the ionic exchange of the H+. It seems logical therefore, to conclude that the charge 
balance is predominantly controlled by the availability of positively charged species and 
as observed in the case of poly-MnT APc, the films are difficult to protonate in alkaline 
media, hence the involvement of Wand hydroxyl groups are implicated in the general 
electron transfer process. 
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Fig 5.24: Plot of (e): peak separation vs. pH (a) and ("'): cathodic peak potential vs. pH (b) for 
poly-MnTMPyrPc in aqueous phosphate buffer solution. Data obtained from Fig 5.23. 
5.4 Thiophene Substituted Metallophthalocyanine 
Complexes (16-18) 
Attempts to electropolymerize all the MTETPc complexes (M= Co, Mn or Zn), 
(for use in cysteine detection), failed hence the GCE was modified by the drop dry 
method described in the experimental section. Only CoTETPc is given as an example. 
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The others did not show any catalytic activity toward L-cysteine hence are not discussed. 
Electropolymerization of thiophene complexes is known to be possible using thiophenes 
with no substituents on the 2 and 5 positions of the ring. The polymer is mainly coupled 
at the 2 and 5 positions 4 56 The introduction of the Pc ring close to the coupling position 
may have produced a blocking of the polymerization process. It is also possible that the 
radicals formed during electrooxidation of the thiophene groups are too unstable to 
participate in further coupling so that no polymers are formed. 
Fig 5.25a shows the CV of the adsorbed CoTETPc on GCE in pH 4 phosphate 
buffer. Although the waves are not well resolved, it can be seen from Fig 5.25a (curve ii) 
that the CoTETPc complex is attached to the GCE when compared with the bare GCE in 
the same electrolyte solution (curve i). 
(a) 
I O.4pA 
+ 
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E I mV (vs. AgiAgCI) 
Fig 5.25a: Cyclic voltammograms of bare glassy carbon electrode (i) and CoTETPc modified 
GCE (ii) in pH 4.0 phosphate buffer. Scan rate = 100 mVs·1• 
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(b) 
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E I mV (vs. AgIAgCI) 
Fig 5.25b: Cyclic voltammograms of repetitive scans, (30 scans), of CoTETPc modified GeE in 
pH 4.0 phosphate bnffer. Scan rate = 100 mVs·'. 
The broad couple around - 0.4 V vs. AglAgCI (Fig. S.2Sa) is due to the ColIIpc· 
2/COllpC·2 process in comparison with Fig 4.l3a. Before catalytic studies, successive 
cyclic voltammograms were recorded in buffer until steady currents were obtained, Fig. 
S.2Sb. The observed feature of the CV in Fig S.25b shows that the electrode process of 
the CoTETPc-modified GCE is unaffected by repeated cycling when compared to the CV 
in Fig S.2Sa. For comparative purposes, a similar approach was used to deposit 
CoTMPyrPc on GeE and the electrodes were used for catalytic investigations discussed 
later in Chapter Six. 
5.5 Self-Assembled Monolayer Formation 
As examples, sulfur containing complexes (13 and 16) and amino complex (19) 
were employed for SAM formation. Both sulfur and nitrogen are known2.74 ,96,151.160 for 
their affinity for gold. 
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5.5.1 CoTMPyrPc (13) 
Figure 5.26 is a typical CV of bare gold electrode in 0.01 M KOH (curve i). A 
well defined gold reduction peak due to the stripping of gold oxide is easily seen at 0.08 
v vs. AglAgCl. The area under the cathodic peak is proportional to the amount of gold 
oxide formed in the anodic scan. The oxide removal peak represents the total pinhole 
area available for an undisturbed penetration of ions present in the working solution.457 
Figure 5.26a, (curve ii) shows the CV obtained from CoTMPyrPc-SAM electrode in 0.01 
M KOH. It is evident that the broad gold oxidation peak as well as the reduction peak in 
Fig 5.26a (curve i) are inhibited by the CoTMPyrPc-SAM. This indicates that the gold 
surface is isolated from the aqueous solution, the oxygen source for the gold oxide 
formation. The choice of self-assembling solvent depends on many factors such as 
solubility. The best solvent was chosen for each complex for SAM formation. 
CoTMPyrPc-SAM was prepared from THF. 
(a) 
ii 
-
AuO stripping 
-300 -100 100 300 500 
E I mV (vs. AgIAgCI) 
Fig 5.26a: Cyclic voltammograms of gold electrode before (i) and after CoTMPyrPc/gold-SAM 
formation (ii) in 0.05 M KOH. Scan rate = 100 mVs·1 
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(b) 
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ii 
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E I mV (VS. AgIAgCI) 
Fig 5.26b: Cyclic voltammograms of gold electrode before (i) and after CoTMPyrPc/gold·SAM 
formation (ii) in 1 mM K,Fe(CN)6 in 0.1 M KCl. Scan rate ~ 100 mVs·l . 
The ion barrier factor402.458 was obtained by comparing the total charges produced 
under the peak due to the reduction of gold oxide at the bare gold , (QBa<e), (Fig. 5.26a, 
curve i) and the CoTMPyrPc-SAM modified electrode, (QSAM) , (Fig 5.26a, curve ii), 
using Equation 5.1: 
5.1 
The total charge, Q (flC) was obtained by integrating the charging currents (flAs·I ) under 
the cathodic wave. The charge, Q, for the bare gold was 16.1 flC while that of the 
CoTMPyrPc-SAM (Q.,. ) was 0.35 flC. The ion barrier factor, r ibr, obtained from 
equation (5) above was close to unity indicating an effective barrier to ion and solvent 
permeability afforded by the CoTMPyrPc-SAM. The information obtained from the data 
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treatment suggests that about 2 % of the gold surface is accessible to the solvent, hence 
not covered by the SAM. 
The monolayer defect and packing arrangement of SAM can be probed using the 
interfacial capacitance, C,402,457,459 The lower the Cs value, the less defects there are in 
the SAM, From the charging current Icc (Amps) obtained from the non-Faradaic region 
of the vo ltammogram, (-250 to -300 mY), in Figure 5,27a, the C, (J.lFcm·2) can be 
obtained using Equation 5.2 below: 
C, = Icc I Au 5.2 
Where u is the scan rate (Vs· l ) and A, is the electrode area. The Cs value obtained 
for bare gold electrode was - 31 J.lFcm·2 while that for CoTMPyrPc-SAM was 1.4 J.lFcm·2 
In comparison with literature,162 this implies that the SAM is relatively defect-free with 
low permeability of the electrolyte ions. Table 5, I summarizes the l ibf and C, for the 
complexes examined. 
The level of pinhole in monolayer films was determined usmg either 
Fe(NH4)(S04)2 in I mM HC104 solution or 1 mM ~Fe(CN)6 in 0.1 M KCI. The results 
obtained from both were similar, hence only ~Fe(CN)6 data are presented here, Fig 
5.26b (curve i) shows the CV of 1.0 mM ~Fe(CN)6 in 0.1 M KCl on a bare gold 
electrode. It can be clearly seen that the electron transfer process in curve a (Fig 
5.27b) has been seriously inhibited by the CoTMPyrPc-SAM. The low current obtained 
in the SAM modified electrode is indicative of a well-packed SAM, thus asserting the 
results obtained from the ion barrier I permeability probe test conducted earlier in KOH 
and Equations 5.1 and 5.2 above. 
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5.5.2 CoTETPc and CrTAPc 
Figs 5.27 and 5.28 show the cyclic voltammograms obtained for the surface 
characterization of CoTETPc-SAM and CrTAPc-SAM, respectively. The CoTETPc-
SAM was prepared from a 1.0 mM CoTETPc in THF while the CrT APc was prepared 
from 2 mM CrTAPc in ethanol. A similar electrode pre-treatment was used for all SAM 
preparations as described in the experimental section. The f;bf value for CoTETPc-SAM 
was near unity showing effective barrier to ion and solvent permeability. The Cs for 
CoTETPc was less than that obtained for CoTMPyrPc (Table 5.2) showing the former to 
be more defect-free. The f;bfand Cs for CrTAPc-SAM could not be obtained as the film 
tends to dissolve in alkaline medium hence no reproducible voltamrnogram was obtained 
for the modified electrode under this condition. 
-300 -100 100 300 500 
E I mV (vs. AglAgCI) 
Fig 5.27a: Cyclic voltammograms of gold electrode before (i) and after CoTETPclgold-SAM 
fonnation (ii) in 0.05 M KOH. Scan rate = 100 mVs·'. 
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(b) 
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Fig 5.27b: Cyclic voltammograms of gold electrode before (i) and after CoTETPc/gold-SAM 
formation (ii) in 1 mM K.Fe(CN)6 in O.IM KCI. Scan rate = 100 mVs·' . 
-300 -200 -100 0 100 200 300 400 500 
E I mV (vs. AgIAgCI) 
Fig 5.28: Cyclic voltammograms of gold electrode before (i) and after CrTAPc/gold-SAM 
formation (ii) in 1 mM K.Fe(CN)6 in 0.1 M KCI. Scan rate = 100 mVs·' . 
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Table 5.2: Summary of ion-barrier factor (fib!) and interfacial capacitance (C,) of the MPc-SAM 
on gold studied in this work. Scan rate = 100 mVs·' . 
MPc-SAM fib f C, (j.lF cn( ) 
Bare gold 31.0 
CoTMPyrPc (13) 0.982 1.44 
CoTETPc (16) 0.985 0.67 
Conclusions: 
The electrochemical deposition of polymer films of N-pyrrole funtionalized 
metallophthalocyanine complexes (7-12) have been demonstrated in this work. DCM 
proved to be the most suitable solvent for the effective electrosyntheses of films 
containing N-pyrrole substituted metallophthalocyanine as well as mercaptopyrimidine 
metallophthalocyanine (13-15) polymers. The inability to electropolymerize the 
thiophene substituted MPcs (16-18) is attributable to the steric hindrance due to the 
blocking of the polymerization process as a result of the introduction of the Pc ring close 
to the coupling position since the thiophene polymer is mainly coupled at the 2 and 5 
positions. It is also possible that the radicals formed during electrooxidation of the 
thiophene groups are too unstable to participate in further coupling so that no polymers 
are formed. Electrochemical investigation of the poly-NiTPyPhPc reveals that the 
polymer could be electrotransformed to a stable poly-Ni(OH)TPhPyPc film in NaOH 
solution to afford a Ni(OHh-like electrode with intercOlmected O-Ni-O oxo bridges. 
The electro pol ymerization of chromium and manganese 
tetraaminophthalocyanine (CrT APc and MnTAPc) complexes was achieved in DMF. The 
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conductivities of the electroformed polymers are governed by several factors including 
the potential window used during the electropolymerization, the reductive and oxidative 
potential limits to which the polymer modified electrodes were subjected, the 
concentration of the monomer solution used for the electrosynthesis. The redox processes 
of the polymer films were pH dependent. In some cases where electropolymerization 
was not feasible, drop-dry methods were used to attach a monolayer of the chosen MPcs 
on the electrodes. The electrocatalytic applications of some of the polymer and 
monolayer-modified electrodes will be investigated in the chapter that follows (chapter 
6). 
The sulfur (i .e. the thiophene and mercaptopyrimidine functionalized MPcs) and 
amino group containing complexes synthesized in the work have been shown to form 
SAM on gold electrode. The MPc-SAM formation was achieved in THF (in the case of 
CoTETPc-SAM and CoTMPyrPc-SAM) while ethanol was used as the deposition solvent 
in the case of CrT APc. 
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Electrocatalytic Properties 
This section dwells on the electro catalytic applications of some of the 
metallophthalocyanioe complexes synthesized io this work. The electro catalytic 
properties are examioed on the electrodes modified with the complexes. The modes of 
attaching the various l'v1Pc compiexes have been fully described io the preceding chapter. 
Chapter Six Electrocatalytic Properties 
6.1 Electrocatalytic Oxidation of Amino Acids (L-
cysteine and Glycine) 
6.1.1 L-Cysteine 
6.1.1.1 Pyrrole Substituted CoPe (7) 
The catalysis for L-cysteine was found to be best on electrodes modified with 
CoPe derivatives, hence only these are reported for this application. Complex 7 
(CoTPhPyPc) showed activity toward L-cysteine while CoTPOPyPc (12) did not. Most 
conventional electrodes are characterized by slow electron transfer reactions leading to 
the electrooxidation of thiols at very high overpotentials and poor detection limits 3 )!,))) 
In order to further characterize the electrochemical properties of the films, obtained from 
the synthesized cobalt phthalocyanine complexes, the capability of the obtained modified 
electrodes to act as electro catalysts towards the oxidation of L-cysteine was checked in 
aqueous solution. This reaction has been reported by several authors))),460 with cobalt 
phthalocyanine modified electrodes, and has been used as a good test for assessing the 
activity of the complexes examined in this work. Fig 6.1 shows the CYs of 5 mM L-
cysteine on a bare GCE (curve i) and on the electropolymerized poly-CoTPhPyPc film 
(curve ii) in aqueous pH 4.0 phosphate buffer solution. 
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20 f.lA 
-100 100 300 500 700 900 
E I mV (VS. AgIAgCI) 
Fig 6. 1: Cyclic voltamrnograms of a bare GCE (cillVe i) and a poly-CoTPhPyPc film modified 
GCE (curve ii) (film was prepared as indicated in Fig 5.2) in aqueous solution (phosphate buffer, 
pH = 4) containing 5 x 10.3 M ofL-cysteine. S'Gan rate = 100 mVs'\ electrode = GCE. 
It appears from these data that the use of the modified electrode gave rise to an 
irreversible oxidation peak at 0.54 V (vs. AgIAgCl). This is related to the mediated 
oxidation of L-cysteine by the electropolymerized CoTPhPyPc. It is important to note 
that no comparable electrochemical activity over this potential range was seen for the 
film itself in absence of L-cysteine or with uncoated electrode. Peaks due to poly-
CoTPhPyPc alone which were observed in Fig S.3 are not seen in the large current scale 
in Fig 6.1. This is the case with most of the adsorbed MPcs discussed in this chapter. 
This observation is consistent with that reported for cobalt phthalocyanine supported 
electrodes. 33 1.333,460,461 Although these results are preliminary, they show that the 
developed electropolymerized film can be useful in designing new catalysts for the 
activation of thiols. The catalytic behaviour of Co"Pc complexes is associated with the 
redox activity of the central metal. The potential at which a catalytic current is observed 
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is closely related to the COlli/COli or Call/Col couples in CoPc complexes462 This shows 
that the CoPc derivative is functioning as a redox mediator for cysteine electrooxidation, 
according to the mechanism proposed in literature for acid media,293 equations 6.1-6.4: 
RSH + PeCo(ll) :::. 
---
PeCo(lI) -SR :::. 
----
PeCo(III)-SR "'" 
---
2 RS' ::.-
----
PeCo(ll) -SR + H 
PeCo(III)-SR + e 
PeCo(lI) + RS' 
RSSR 
+ 
6.1 
6 .2 
6 .3 
6.4 
where RSH is L-cysteine and RSSR is cystine. The interaction of cysteine with CoPc 
derivatives, prior to electron transfer, has been reported before. 293 The potentials at 
which L-cysteine oxidation occurs are listed i~ Table 6.1. 
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Table 6.1: Summary of peak potential (Ep) for the electro assisted reactions of the analytes 
h Hi did . h MP I a d· d· h· k at t e mo I Ie e ectro es usmg t e c com~lexes stu Ie m t IS wor 
Analyte Analyte Corresponding Source of MPc Electrode (pH)b EplV VS . MPc ElnlV vs. MPc E1I2 AglAgCI AgIAgCl' 
CoTPhPyPc, 7 Poly-MPc-GCE L-cys (4) + 0.54 + 0.75 (CO"II ") Fig 5.3 
CoTMPyrPc, 13 DD-MPc-GCE L-cys(4) + 0.16 + 0.09 (COlli I 11) Fig 6.6 
CoTETPc,16 DD-MPC-GCE L-cys (4) + 0.39 + 0.37 (Crill I ll) Fig 5.26 
NiTPhPyPc, 10 Poly-MPc(OH)- Ph (11) + 0.26 + 0.25 (NilIl I 11) Fig5.1 1 
GCE 
NiTPhPyPc, 10 Poly-MPc(OH)- pCPh (II) + 0.35 + 0.25 (Nilll / ll) Fig5.11 
GCE 
NiTPhPyPc, 10 Poly-MPc(OH)- pNPh (11) + 0.76 + 0.25 (Nilll I 11) Fig5.11 
GCE 
CrTAPc,19 Poly-MPc-GCE N02- (7.3) + 0.80 + 0.68 (CrIV IPc· I) Fig 5.14 
CrTAPc,19 Poly-MPc-GCE NO (4) + 0.68 + 0.68 (CrIV IPc·I) Fig 5.14 
MnTAPc,20 Poly-MPc-GCE Gly (4) - 0.61 _ 0.25 (Mnlll Ill) Fig 5.19 
CoTPhPyPc,7 Poly-MPc-GCE Oz (DCM) - 0.80 - 0.45 (COHIl) Fig 5.3 
CrTAPc,19 Poly-MPc-GCE 02 (DCM) - 1.04 - 0.94 (Crill Ill) Fig 6.16 
MnTAPc,20 Poly-MPc-GCE 02 (DCM) - 1.04 _ 0.25 (Mnllllll) Fig 6.18 
MnTMPyrPc,14 Poly-MPc-GCE Oz(DCM) - 0.59 - 0.30 (MnllllIl) Fig 5.24 
(at pH 7) 
.. 
aCoTPOPyPc (12) dId not show any catalytIc actJvlty towards L-cysteme, hence not 
represented in the table. 
bOxygeH reduction in DCM containing 0.1 M TBABF4. 
'The potentials are for adsorbed ( by polymerization or drop-dry) MPc complexes. 
Poly-MPc-GCE = polymer electrode obtained by electropolymerization of the MPc film onto 
GCE; DD-MPc-GCE = monomer electrode obtained by Drop-dry method; 
Poly-MPc(OH)-GCE = polymer electrode obtained from electrotransformation of poly-
NiTPhPyPc to Ni(OH)TPhPyPc-GCE.; L-cys = L-cysteine; Ph = phenol, pCPh = 4-
chlorophenol; pNPh = 4-nitrophenol; Gly = glycine 
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6.1.1.2 Thiophene Substituted CoPe 
Fig 6.2(c) shows the CV of CoTETPc (16) monomer modified GCE electrode (by 
drop dry method, Section 5.4) in the presence of ImM L-cysteine in pH 4.0 phosphate 
buffer solution. A well-defined peak due to L-cysteine oxidation can be seen at 0.39V vs. 
AgIAgCI, on GCE modified with CoTETPc. The dip in current observed on the return is 
typical of CoPc catalyzed oxidation of cysteine.293.463 
2 f./A 
- ... - ...... 
-300 -100 100 300 500 700 
E \ mV (vs. AglAgCl) 
Fig 6.2: Cyclic voltammetric responses of bare GCE, (a) without and (b) in the presence of I roM 
L-cysteine. (c) CoTETPc modified GCE in the presence of I roM L-cysteine in pH 4.0 phosphate 
buffer. Scan rate = 100 mVs·'. 
It can be seen that no wave related to L-cysteine was observed for the bare GCE 
within the potential window under consideration, Fig 6.2b. The rate of electron transfer 
of the L-cysteine at the electrode/solution interface is significantly mediated by the 
ColIlTETPc/CoIITETPc such that a less negative potential (0.39 V vs. AgIAgCI), 
compared to poly-CoTPhPyPc above and other CoPc species293 is required for the 
oxidation ofL-cysteine in pH 4.0. 
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Stability of the modified electrode 
The modified electrode was subjected to thennal annealing in that it was 
repeatedly scanned in the blank buffer solution after heating in the oven and · before 
immersing it into the solution containing L-cysteine. Fig 6.3a shows the results obtained 
from repetitive CV of the CoTETPc-GCE in a 1 mM solution of L-cysteine in pH 4.0 
phosphate buffered solution. 
(a) 
2 JlA 
-100 100 300 500 
E \ mV (vs. AgIAgCI) 
Fig 6.3a: Repetitive cyclic voltammogram of I mM L-cysteine at CoTETPc modified GCE in pH 
4.0 phosphate buffer solution: 30 repetitive CV cycles. Scan rate 100 mVs·1 
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(b) 
-, 
- .. .. - .. .. 
-300 -100 100 300 500 
E I mV (V5. AgIAgCI) 
Fig 6.3b: Cyclic voltammogram of 1 mM L-cysteine at CoTETPc modified GCE in pH 4.0 
phosphate buffer solution: (i) first scan before cycling as in (Fig 6.3a) and (ii) after 30 repetitive 
scans in 1 mM L-cysteine solution followed by rinsing and transferring into a fresh 1 mM 
solution ofL-cysteine. Scan rate 100 m';S-' . . 
The loss in catalytic current after 30 repetitive scans may be attributed to the 
poisoning of the modified electrode by the oxidation product of L-cysteine (cystine). 
However, when the electrode was rinsed with a generous amount of pH 4.0 phosphate 
buffer solution the voltammetric response of the electrode showed a measure of recovery 
in that the current signal was 94% of the first scan before the repetitive scan was done, 
Fig 6.3b. 
Fig 6.4 shows an increase in current with increase in cysteine concentration, 
giving a linear plot (Fig 6.4, insert), with detection limit of3.1 ~M. 
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E I mV (vs, AgIAgCI) 
Fig 6.4: Cyclic voltammetry of CoTETPc modified GCE in the presence of varying 
concentrations ofL-cysteine: 0.0015 (2l, 0.0625 (3), 0. 125 (4), 0.25 (5), 0.5 (6) and 1 mM (7). 
Curve 1 is the CV for CoTETPc modified GCE in the absence of L-cysteine. Scan rate 100 
mVs' . Inset shows the plot of peak current vs. concentration ofL-cysteine. pH ~ 4.0. 
When the modified electrode was kept in either pH 4.0 or pH 7.0 phosphate 
buffered solution for 8 days and re-used again for analyses of L-cysteine, it was observed 
that there was no difference in the behavior of the electrode as compared to the results 
obtained before storage. This suggests that the electrode can be used repeatedly provided 
it is properly stored. The electrode was also stable after analysis of different 
concentrations of cysteine as in Fig. 6.4. No significant loss of current (Fig 6.5) was 
obtained in all cases after rinsing the modified electrode in deionised water and 
transferring it to a fresh O.l mM L-cysteine solution. This is a very important 
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observation smce the mam limitation for application of electrodes for analysis is its 
poisoning by oxidation products. 
-300 
2/lA 
---------+---
.. .. .......... 
.. .. .. .. .. .. .. .. .. .. .. 
-100 100 300 
E I mV (vs. AgIAgCI) 
b 
, 
, 
, 
500 
Fig 6.5: CV of CoTETPc-GCE in 0.1 mM L-cysteine in pH 4 buffer solution. 0): immediately 
after the electrode fabrication, (b): 8 days after use as in (i) and stored in a pH 7.0 phosphate 
buffer solution. No difference was observed when the electrode was stored in pH 4.0 solution. 
Scan rate: 100mVs" . 
6.1.1.3 Mereaptopyrimidin Substituted CoPe 
CoTMPyrPc (13) was employed for L-cysteine determination and the electrode 
for this purpose was modified by drop dry method. The aim was to compare the activity 
of CoTETPc dicussed in 6.1.2, with that of another CoPe monomer. Thus CoTMPyrPc 
(13) was chosen and was adsorbed on the electrode by drop-dry in a similar manner to 
CoTETPc. Fig 6.6 (curve i) shows the CV of 0.025 mM L-cysteine on bare GCE. It can 
be seen that the catalytic current attributable to L-cysteine oxidation is enhanced in the 
CoTMPyrPc modified GCE (Fig 6.6, curve ii). The COlli/COli redox process (at - 0.09 
V) is weak but observable on the scale used. 
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-300 -200 -100 o 100 200 300 400 
E I mV (vs_ AgIAgCI) 
Fig 6.6: Cyclic voltaI1Ulletric responses of (i), bare GCE and (ii), CoTMPyrpc modified GCE in 
the presence of 0.025 mM L-cysteine in pH 4.0 phosphate buffer. Curve (iii) is the CV of the 
CoTMPyrPc modified GCE in blank pH 4.0. Scan rate = 50 mVs· '. 
Fig 6.7 shows the voltammetric responses of the CoTMPyrPc modified GCE in 
the presence of varying concentrations of L-cysteine. The curves snggest that peak 
potential increases with concentration of the analyte. The catalytic currents for the 
oxidation of L-cysteine on GCE modified with CoTMPyrPc increased linearly with L-
cysteine concentration with a correlation of 0.995. The detection limit attained in this 
study using complex 13 was 0.5 JlM. A comparison of the L-cysteine oxidation 
potentials (Table 6.1) for the three complexes (7 , 13 and 16) reveals that the adsorbed 
mercptopyrimidin substituted cobalt Pc (13) is by far a better catalyst for the examined 
analyte, as judged by lowering of L-cysteine overpotential. The L-cysteine oxidation 
potential for the poly-CoTPhPyPc-GCE was 0.54 V (vs. AgIAgCI) while the adsorbed 
CoTETPc and CoTMPyrPc catalytically oxidized L-cysteine at relatively lower potentials 
of 0.39 V and 0.16 V (vs. AgIAgCI) respectively, Table 6.1. 
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Fig 6.7: Cyclic voltammetry of CoTMPyrPc modified GCE in the presence of varying 
concentrations ofL-cysteine. Concentration / flM: (i) ~ 1.5 (ii) ~ 3.1 , (iii) ~ 6.25, (iv) ~ 12.5, (v) 
~ 25.0. Scan rate ~ 50 mVs· l . 
It seems that the presence of thio groups on the ring substituents (complexes 13 
and 16) lowers the oxidation potential ofL-cysteine more thereby improving the catalytic 
response of the electrodes towards L-cysteine. Alternatively, it could be that a better 
catalytic activity is observed on 13 and 16 due to the drop-dry method of electrode 
modification as opposed to the electropolymerization in the case of complex 7. 
6.1.2 Glycine Reduction on MnTAPc-Modified Electrode 
Fig 6.8 (curve a) shows that a very small current was observed for the reduction 
of 5.0mM glycine on bare GCE. When poly-MnTAPc modified GCE was employed a 
large increase in currents was observed, after correcting for the currents due to adsorbed 
poly-MnTAPc. That is, the cathodic current increased over the background due to the 
catalytic reduction of glycine. The increase of current with increase in glycine 
concentration is shown by Fig 6.8 (curves b-d). The increase in current with 
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concentration of glycine was linear at concentrations lower than 5 mM (insert in Fig 
6.24). The deviation from linearity at higher concentrations is often observed in analysis 
and is associated with the competition of the analyte molecules for the electrode surface. 
The electrode was used for analysis after allowing for the stabilization of the current in 
the buffer alone, since as has been shown above, (in Chapter Five, Fig 5.18), there is a 
decrease in current on cycling. The catalytic behaviour for reduction of glycine decreased 
with increasing pH suggesting that the protonated form of glycine is the most active. Also 
as discussed in Chapter Five (Fig 5.10), the redox potential of the polymer shifted to 
more negative values with increase in pH, which could result in the lowering of catalytic 
behaviour at high pH. 
~ :j • .-
0.5 1 .5 2.5 3 .5 4.5 
[Glycine] J mM 
-800 -700 -600 -500 -400 -300 -200 -100 o 
E I mV (V5. Ag/AgCI) 
Fig 6.8: Detection of glycine on bare GCE and poly-MnTAPc-GCE. Glycine concentration I rnM: 
(a) = 5, (b) = 0.55, (c) = 1.0 and (d) = 5 rnM. pH = 4; scan rate: 50 mVs·'. Insert: variation of 
peak current with concentration of glycine. 
The electrode was found to be stable for the detection of glycine, since there was no 
significant decrease in currents with scan number. The glycine peak shifted by 80 m V 
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per pH unit, consistent with a one-electron process, On the basis of the voltammetric 
results described above, it appeared likely that amperometric detection of glycine in 
acidic media might be carried out at the MnTAPc-modified GC electrodes, 
6.2 Phenol and its Derivatives on NiTPhPyPc 
6.2.1 Electrocatalytic Oxidation of p-Chlorophenol 
Fig 6,9 shows the cyclic voltammograms of 0,7mM p-chlorophenol (P-CPh) in 
0, 1M NaOH solution at unmodified GCE (curve a), poly-Ni(OH)TPhPyPc (curve b) and 
poly-[NiTPhPyPcho (curve c) electrodes, 
-0.2 -0.1 o 
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, 
0.4 0.5 0.6 
Fig 6,9: First cyclic voltammogram of 0,7 rnM p-chlorophenol, (p-CPh), in 0,1 M NaOH 
solution, (a): unmodified GCE, (b) poly-Ni(OH)TPhPyPc and (c) poly-[NiTPhPyPcJw modified 
GeE, Scan rate: 100 mVs'] , 
It can be seen (Fig 6.9, curve b) that the Ni(OH)TPhPyPc electrode showed a 
better catalytic behavior toward oxidation of p-CPh compared to the unmodified GCE 
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and poly-[NiTPhPyPcho electrodes in that there is a shift in the peak potential to a less 
positive value. The huge and broad current seen in the case of poly-[NiTPhPyPc ho might 
be due to both the electrode processes emanating from the transformation of the polymer 
film as seen in the first scan in Fig 5.10 during the electrotransformation of poly-
[NiTPhPyPc ho to poly-Ni(OH)TPhPyPc and the actual oxidation wave of the p-CPh. 
Fig 6.1 O(a-c) represent the voltammograms obtained during repetitive scan of the 
various electrodes in the presence 0.7 mM p-CPh. The poly-Ni(OH)TPhPyPc-GCE, (Fig 
6.1 Dc), showed a better stability and resistance to passivation than the poly-
[NiTPhPyPcho-GCE, (Fig 6.9b), and unmodified GCEs (Fig 6.10a). 
(a) 
SpA 
-0.1 o 0.1 0.2 0.3 
E I mV (V5. AgIAgCI) 
0.4 0.5 0.6 
Fig 6.lOa: Repetitive successive cyclic voltammogram scans (15) of 0.7 mM p-CPh at 
unmodified GCE in O. I M NaOH solution. Scan rate 200 mVs!. 
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Fig 6.10b: Repetitive successive cyclic voltanunogram scans (15) of 0.7 mM p-CPh at poly-
[NiTPhPyPcho modified GCE in 0.1 MNaOH solution. Scan rate: 200 mVs·'. 
(c) 
10 pA 
-0 .1 o 0.1 
E/mV 
0.2 0.3 0.4 0.5 0.6 
Fig 6.1 Oc: Repetitive successive cyclic voltanunogram scans (15) of O. 7 mM p-CPh at poly-
Ni(OH)TPhPyPc modified GCE in 0.1 M NaOH solution. Scan rate: 200 mVs·1• 
Fig 6.11 shows the voltammograms obtained in the presence of 0.7 mM p-CPh 
solution after the passivated electrodes (15 CV cycles in p-CPh) were rinsed in water, 
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then immediately used in a fresh p-CPh solution with no recovery time allowed. 
'Recovery' here refers to the time (in 0.1 M NaOH) between repetitive cycling (15 
cycles), followed by rinsing in water and cycling in fresh p-CPh. It is evident that the 
poly-Ni(OH)TPhPyPc ( curve c) showed excellent recovery by just rinsing in water, hence 
was not severely passivated by oxidation products of p-CPh. The solutions were de-
aerated with a stream of argon before every run in order to homogenize the p-CPh in 
solution. There was no effect on the currents on bubbling argon through the solution. 
There is a complete loss of activity of both the unmodified GCE and poly-[NiTPhPyPcho 
electrodes (curves a and b in Fig 6.11 ). 
b 
1 __ ------
a 
--
-0.2 -0.1 o 0.1 0.2 0.3 0.4 0.5 0.6 
E I V (vs. AgIAgCl) 
Fig 6.11: Cyclic voltammograms of 0.7 rnM p-CPh in 0.1 M NaOH at passivated electrodes (15 
cycles in p-CPh then rinsed in water, but no recovery time allowed). (a) unmodified, (b) poly-
NiTPhPyPc and (c) poly-Ni(OH)TPhPyPc modified GCE. Scan rate: 100 mVs·1 
Evaluation of effects of recovery time on electrode activity was made between the 
unmodified GCE and the poly-Ni(OH)TPhPyPc modified electrode (and not poly-
[NiTPhPyPc ho), since as has been pointed out earlier, more than one electrode process is 
likely involved on cyclingpoly-NiTPhPyPc in p-CPh solution. Fig 6.12 shows the effect 
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of time on the recovery of the electrodes. Curve c, (Fig 6.l2), represents the first scan of 
poly-Ni(OH)TPhPyPc in the presence of 0.7 mM p-CPh. The electrode was then 
subjected to passivation and recovery (for 30 mins and 5 hrs in electrolyte) as explained 
earlier. Curves d and e show voltamrnograms of 0.7 mM p-CPh after 30 mins and 5hr 
recovery times were respectively allowed. The electrode recovered appreciably after 5 
hrs as can be seen in curve e (Fig 6.l2). There was no change (Fig 6.12, curve b) in the 
voltammograms for the passivated unmodified electrode after a 5-hour recovery time, 
implying an irreversible surface blocking of the electrode by the products of p-CPh 
oxidation. 
10pA 
b 
/ 
.... -- ...... - .. -_ .... - ...... -.. - - -.. -
-0.2 -0.1 o 0.1 0.2 0 .3 0.4 0.5 0.6 
E I mV (vs. AgIAgCI) 
Fig 6.12: Cyclic voltammograms of 0.7 mM p-CPh in 0.1 M NaOH at (a) unmodified (before 
passivation); (b) unmodified (after passivation and 5 hrs recovery); (c) poly-Ni(OH)TPhPyPc 
(before passivation); (d) poly-Ni(OH)TPhPyPc-(after passivation and 30 mins recovery) and (e), 
poly-Ni(OH)TPhPyPc modified GCE after passivation and 5 hrs recovery). Scan rate: 100 mVs·1 
Poly-NiTSPc has been used for modification of glassy carbon electrode82 and has 
been shown to fare well in the electrooxidation of chlorophenols. The report82 indicated 
that the electrode surface became blocked in the long term. The integrity of the poly-
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N i(OH)TPhPyPc modified electrode was compared to the performance of poly-NiTSPc 
modified GCE. Both electrodes poly-Ni(OH)TPhPyPc and poly -NiTSPc modified GCE 
Were subjected to constant potential electrolysis at 0.4 V (near the peak potential for the 
oxidation of p-CPh) in the presence of 0.7 mM p-CPh for 60 mins and the electrodes 
were rinsed with Millipore water and then transferred to a fresh solution containing 0.7 
mM p-CPh. Fig 6.13a shows cyclic voltammograms of 0.7 mM p-CPh in 0.1 M NaOH at 
poly-NiTSPc before (curve i) and after (curve ii) controlled potential application. Curve 
(iii) is the cyclic voltammograms of poly-NiTS Pc in blank 0.1 M NaOH solution. 
(a) 
-0.2 -0.1 o 0.1 0.2 0.3 
E I V (V5. AgIAgCI) 
0.4 0.5 0.6 
Fig 6.13a: Cyclic voltammograms of 0.7 mM p-CPh in 0.1 M NaOH at poly-NiTSPc modified 
GeE (i) before electrolysis and (ii) after controlled potential electrolysis at O.4Y for 60 mins. (iii) 
is the cyclic voltammograms of poly-NiTSPc in blank 0.1 M NaOH solution. Scan rate: 100 
mYs·'. 
237 
Chapter Six Electrocatalytic Properties 
(b) 
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-0.2 o 0.2 0.4 0.6 
E I mV (VS. AgIAgCI) 
Fig 6.13b: Cyclic voltammograms of 0.7 mM p-CPh in 0.1 M NaOH at Poly-Ni(OH)TPhPyPc-
GCE (i) before electrolysis and (ii) after controlled potential electrolysis at 0.4 V for 60 mins. 
Scan rate: 100 m Vs·1. . 
Fig 6.13b demonstrates the superiority of poly-Ni(OH)TPhPyPc over poly-
NiTSPc for the modification of GCE for prevention of electrode fouling with respect to 
phenols . While the poly-Ni(OH)TPhPyPc modified GCE shows 65% (see curve ii, Fig 
6.\3b) activity with respect to the first scan (before electrode passivation, curve i), the 
poly-NiTSPc modified GCE showed only about 4.3% response (compared to before 
electrode passivation) as shown in Fig 6.l3a (curves i and ii). It seems that the 
polyphenol formed on the poly-Ni(OH)TPhPyPc is more porous than on the poly-NiTSPc 
thereby allowing the passage of the p-CPh through the polymer channel as suggested in 
literature.82 Also the porosity of the polyphenol on the electrode may be due to the size 
and structure of the ring substituent, phenoxypyrrole, which is larger than the SO)' of the 
NiTSPc complex. Since polyphenol films are known to be thick and nonporous,459,464,465 
the more complex nature of the poly-Ni(OH)TPhPyPc than the poly-NiTSPc may 
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contribute to a lowered degree of polymerization as well as formation of irregular 
polymer structure of the polyphenol on the electrode thereby making the electrode more 
difficult to deactivate8 2 It is worth mentioning that the poly-Ni(OH)TPhPyPc electrode 
surface remained green, (to the naked eye), after the constant potential electrolysis and 
after several cycles in fresh p-CPh solution while the thin film ofthe polyphenol tar could 
be visibly seen on the poly-NiTSPc-GCE passivated electrode, further confirming that the 
electrode, (poly-Ni(OH)TPhPyPc-GCE), is deactivated more slowly than the NiTSPc 
modified electrode. 
6.2.2 Electrocatalytic Oxidation of Phenol 
Fig 6.14a shows the first cyclic voltammograms of 0.7 mM phenol (Ph) in 0.1 
M NaOH at unmodified GCE (curve i) and poly-Ni(OH)TPhPyPc modified GCE (curve 
iii). As was the case with p-CPh, there is a shift of the peak potential to a less positive 
potential suggesting a catalytic influence of the poly-Ni(OH)TPhPyPc electrode 
compared to the unmodified electrode. When the electrodes were subjected to passivation 
followed by recovery process, the unmodified electrode experienced surface blockage 
earlier than the modified electrode for the oxidation of 0.7 roM phenol. As was the case 
with p-CPh, the unmodified GCE reached a complete surface blockage, which could not 
be recovered, as can be seen from Fig 6.14a (curves i and ii), while the poly-
NiT(OH)PhPyPc showed recovery of 92% after 5 hrs, Fig 6. J 4a (curve (iii) and (iv)). 
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Fig 6.14a: Cyclic voltammograms of 0.7 mM Ph (in 0.1 M NaOH) at (i), unmodified GCE; (iii) 
poly-Ni(OH)TPhPyPc (before passivation), (ii) Unmodified GCE after passivation, and 5 hrs 
recovery time; (iv) folyNi(OH)TPhPyPc modified GCE after passivation and 5 hrs recovery. 
Scan rate : 100 mVs' . 
(b) 
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0.4 0 .5 0.6 
Fig 6.14b: Cyclic voltammograms of 0.7 mM Ph (in 0.1 M NaOH) at poly-Ni(OH)TPhPyPc 
modified GCE (i) before passivation; (ii) after passivation, and no recovery time, and (iii) after 
passivation and recovery for 30mins and (iv) after passivation and recovery for 5 hrs. Scan rate: 
100 mVs·' . 
Fig 6.14b shows the effect of recovery time of the electrodes towards the 
oxidation of phenol. It can be seen that the activity of the electrode increases with 
recovery time until it gains over 92% of its activity (relative to the first scan before 
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passivation) after 5 hrs. This observation is quite interesting for a preparative scale 
application of the poly-Ni(OH)TPhPyPc modified electrode for electrooxidation of 
phenols. The lack of recovery in the case of the unmodified GCE after passivation, shows 
the superiority of poly-Ni(OH)TPhPyPc over the umnodified electrode 
6.2.3 Electrocatalytic Oxidation of p- Nitrophenol 
The electrodes were also used for the electrooxidation of para nitrophenol (p-
NPh) in 0.1 M NaOH. Fig 6.15 shows the voltammograms obtained for 4.5 mM p-NPh 
at unmodified (curve i) and passivated, (unmodified), GCE (curve ii). Unlike in the case 
of phenol and p-CPh, it can be seen that the extent of passivation is less pronounced for 
the p-NPh for a similar number of repetitive CY scan cycles. 
100 pA 
o 0.2 0.4 0.6 0.8 1 
E I V (vs. AgIAgCI) 
Fig 6.15: Cyclic vo1tammograms of 4.5 mM p-NPh in 0.1 M NaOH at (i), unmodified GCE, (ii) 
unmodified GCE, after passivation and rinsing in water, no recovery time allowed (iii) poly-
Ni(OH)TPhPyPc-GCE before passivation, and (iv) poly-Ni(OH)TPhPyPc-GCE after passivation 
and rinsing in water, no recovery time allowed. Scan rate: 100 mVs·I 
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A comparison with the poly-Ni(OH)TPhPyPc modified GCE, showed a better integrity 
than the unmodified electrode in that about 90% of the activity of the modified electrode 
was recovered after passivation for the former (Fig 6.15 (curves iii and iv). On the other 
hand only 46% recovery was observed in the case of the unmodified electrode. 
The differences in the extent of passivation of the modified electrodes by the 
oxidation products of the different phenols could be a result of a combination between the 
polyphenol structure and poly-NiPc film structure. As stated earlier poly-chlorophenol 
looks different on poly-NiTSPc and on poly-Ni(OH)TPhPyPc. Thus, there are probably 
two effects: phenol substitution and the initial native NiPc polymer structure. The 
relative stabilities of resonance structures formed following the formation of the phenoxy 
radicals will be influenced by the substituents, resulting in a variety of coupling products, 
which deactivate the electrode to different extents. 
6.3 ElectrocatalyticReduction of Oxygen 
Even though metallophthalocyanines are known to exhibit versatile 
electrocatalytic properties,282.292.378 the electrocatalytic properties of CrPc has not been 
fully investigated. This report presents the first example of electro catalytic reduction of 
oxygen at CoTPhPyPc-GCE, CrTAPc-GCE, MnTAPc-GCE and MnTMPyrPc-GCE in 
organic medium (dichloromethane). The electrocatalytic reduction of oxygen on cobalt 
tetraaminophthalocyanine (CoTAPc) has been investigated by Tse and coworkers347 in 
aqueous media. Their results showed that the polymerized CoT APc fared better than 
monomeric CoTAPc adsorbed onto GCE. The reduction of dioxygen on [poly-
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CrTAPcho modified GCE, (obtained as described in Fig 5.13), is shown in Figs 6.16 and 
6.17. Fig 6.17 shows the CV of [poly-CrTAPcho in deaerated DCM + 0.1 M TBABF4. 
+ 
-1200 -1000 -800 -600 -400 -200 o 
E I mV (vs. AgIAgCI) 
Fig 6.16: Cyclic voltarnrnogram of [poly-CrTAPcJ,o modified GCE in 0.1 M TBABF, + DCM 
solution. The electrode was prepared in 0.1 M TBABF, + DMF and transferred into the DCN 
solution after thorough rinsing in DMF and DCM. Scan rate: 100 mVs· '. 
The assignment of the redox couples are shown in Fig 6.16. It shows a reversible 
couple of peaks centred at -0.87 V (vs. AgIAgCI) which can be related to the Crlll/Crll 
redox process of the phthalocyanine, by reference to the behaviour of the monomer 
complex in DMF + 0.1 M TBABF4 (Fig 4.9). When the electrode was transferred into an 
oxygen-rich DCM + 0.1 M TBABF4, a huge catalytic current (Fig 6.17a, curve ii) that 
almost obscures the CV signal of the redox couple due to the polymer alone (Fig 6.17a, 
curve i) was observed. 
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Fig 6.17a: Cyclic voltammogram of [poly-CrTAPcho modified GCE in (a, curve i) oxygen-free; 
curve ii, molecular oxygen saturated DCM + 0.1 M TBABF4 solution. Scan rate: (a): 100 mVs'. 
Curve i is same as the CV shown in Fig 6.16. 
Increasing scan rate 
200 ·1000 ·800 -600 ·400 ·200 o 
E I mV (VS. AgIAgCI) 
Fig 6.17b: Cyclic voltammogram of [poly-CrTAPclzo modified GCE in (curve i) oxygen-free; 
curve ii, molecular oxygen saturated DCM + 0.1 M TBABF 4 solution showing the effect of scan 
rate on the voltammetric response of the electrodes in oxygen saturated solution. Scan rate: (b): 
50,100,150,200,250, 300,350,400 and 450 mVs·' . Curve I is same as the CV shown in Fig 
6.16. 
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The catalytic current related to oxygen reduction in Fig 6.17 reveals an effective 
enhancement in the current intensity when compared to the voltammetric curve obtained 
in oxygen-free DCM electrolyte solution, Fig 6.17 (curve i). This may be due to the 
binding of dioxygen to CrlllT APc to afford the adduct Crlll-02 followed by the four-
electron reduction of molecular oxygen to water. The peak on the reverse scan can be 
relate to the regeneration of the trivalent chromium (Crlll) as suggested in literature for 
manganese porphyrin analogue.466 Fig 6.17b shows a stable and reproducible quasi-
reversible redox response in the potential range under investigation. The CVs (ii -+ ix) 
represent the voltammetric signals obtained from varying scan rates. A plot of the peak 
currents vs. square root of scan rate was linear suggesting that the electrode process is 
diffusion controlled. 
Electroassisted activation of molecular oxygen by manganese porphyrins and 
phthalocyanine polymers has been reported4 66 In the presence of benzoic anhydride as 
an "activator" electrocatalytic reduction of oxygen occurs. Fig 6.18 shows the CV of 
po/y-MnTAPc modified GCE in blank electrolyte solution. 
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Fig 6.18: Cyclic voltammogram of (poly-MnTAPcJ,o modified GCE in 0.1 M TBABF, + DCM 
solution. The electrode was prepared in 0.1 M TBABF. +DMF and transferred into the DCM 
solution after thorough rinsing in DMF and DCM. Scan rate: 100 mYs '. 
Even though complete polymerization occurred at 110 scans, 20 scans were used 
(denoted (poly-MnTAPcho) since for catalysis in this chapter, all electropolymerized 
films were obtained from 20 CV scans. The redox process related to MnllPc·3/MnIlPc·2 
can be seen around - 0.77 V (vs. AgIAgCI), based on the assigrnnent for a monomeric 
MnTAPc in DMF by CV and spectroelectrochemistry in Chapter Four. The enhanced 
current signals at - 0.9 V and - 1.04 V (vs. AgIAgCI) (Fig 6.19, curve iii), in the presence 
of oxygen, suggest that the oxygen reduction process proceeds via a 2 x 2 electron 
transfer mechanism3 48 The peak potential at - 0.9 V may be due to the first reduction of 
molecular oxygen to H202 followed by another two-electron reduction of H20 2 to water. 
It can be seen that the voltammograms labelled (ii) and (iii) are similar except that the 
first wave shifted to - 0.86 V in curve (ii) compared to - 0.9 V in curve (iii). The CV 
scans were recorded at 60 seconds interval to monitor the effect of time on the possible 
coordination of the molecular oxygen to the Mnll 
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Fig 6.19: Cyclic voltammogram of [poly-MnTAPc],o modified GCE in (curve i) oxygen-free; 
curve ii, molecular oxygen saturated DCM + 0.1 M TBABF4 solution. Curves iii and iv represent 
the CVs obtained two and three minutes, respectively, after ii was recorded; v: in the presence of 
benzoic anhydride. Scan rate: Cal: 100 mVs·1 
Note that while the peak potential at - 0.86 V shifted to - 0.9 V (accompanied be 
an enhanced current signal) , on the second scan, the peak potential and peak current of 
the CVs remained unaffected at - 1.04 V (vs. AgIAgCl). 
The origin of the peak on the reverse scan (in both Fig 6.1 7 and 6.19) is not 
immediately certain since the reduction of oxygen is expected to be irreversible. It may 
be associated to the regeneration of the trivalent manganese (Mnlll) species 4 66 Curve iv 
(Fig 6.19) shows that the peak currents related to O2 -+ H20 2, (at - 0.9 V), and H20 2 -+ 
H20 (at - 1.04 V), merged as a single peak with time with a concomitant decrease in 
intensity. This may be due to the direct conversion of the molecular oxygen to water and 
decrease in the concentration of available reducible molecular oxygen as time went by. 
However the effect of an activator (benzoic anhydride) can be seen in the voltammetric 
response depicted in curve v (Fig 6. 19). A huge increase related to the cleaving of the 
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0-0 bond once the oxygen is coordinated to and activated by Mn centre, as has been 
reported before463 is noticed. The 0-0 cleaving iffacilitated by the anhydride.466 
Fig 6.20 shows the cyclic voltammogramofpoly-MnTMPyrPc under argon (curve 
i) and in the presence of dissolved oxygen (curve ii). It appears that in presence of 
molecular oxygen, the CV of the poly-MnTMPyrPc is subjected to a degree of 
modification. 
-1 -0.8 -0.6 -0.4 -0.2 o 
E I V (vs. Ag/AgCl) 
Fig 6.20: Cyclic voltammogram of poly-MnTMPyrPc modified GCE in (curve il oxygen-free; 
curve ii, molecular oxygen saturated DCM + 0.1 M TBABF, solution. iii, in the presence of 
benzoic anhydride. Scan rate: (al: 100 mVs·1 
Such modification of the cyclic voltammogram was previously reported in the 
literature with related manganese catalysts in various conditions, dissolved or 
immobilised on solid supports and in organic solvents466 The authors suggested that, in 
a first step, oxygen binds to MnlI leading to a formulated Mnlll-superoxide adduct that 
accepts a second electron to form a doubly reduced superoxo intermediate. Curve iii (Fig. 
6.20) shows the cyclic voItammogram of poly-MnTMPyrPc film in DCM + 0.1 M 
TBABF4 so lution containing benzoic anhydride (activator), upon addition of molecular 
248 
Chapter Six Electrocatalytic Properties 
oxygen. As stated earlier, the anhydride function is to cleave the 0-0 bond once the 
oxygen is coordinated to and activated by Mn center466 A large enhancement of the 
MnlIllMnll reduction current peak is clearly observed. By reference to previously 
reported studies of porphyrins and Schiff base complexes, the modification of the cyclic 
voltammogram can be explained by the occurrence of the expected fonnalion of the high-
valent manganese-oxo [Mn v=Or intennediate, followed by its reduction and the steady 
state electro catalytic regeneration ofMnlIl fonn. 466 
It should be noted that the direct reduction of molecular oxygen does not take 
place in the potential range investigated in this study, and that the presence of benzoic 
anhydride does not induce any electrochemical interference. A similar modification of the 
CV was observed for the poly-CoTPhPyPc modified GCE. Fig 6.21 Ccurve i) shows the 
CV of the poly-CoTPhPyPc electrode in oxygen-free DCM + 0.1 M TBABF4 solution. 
+ 
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Fig 6.21: Cyclic voltammogram of poiy-CoTPhPyPc modified GCE in (curve i) oxygen-free; 
curve ii, molecular oxygen saturated DCM + 0.1 M TBABF, solution. iii, in the presence of 
benzoic anhydride. Scan rate: (a): 100 mVs·'. 
It can be seen that the shoulder on the reverse scan of curve I Cat - -0 .4 V) is 
reduced in intensity upon addition of molecular oxygen to the electrolyte solution 
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accompanied by an increase in the current signal on the cathodic segment of the curve. A 
reference to the CV of the monomeric CoTPhPyPc in DCM + 0.1 M TBABF4 solution 
(Fig 5.1) would suggest that the COl centre is the active site responsible for the oxygen 
reduction since the catalytic current in Fig 6.21 (curve ii and iii) are in the region of the 
central metal (COl/COli) redox process of the monomer solution. 
As noted by Tse et al,348 the reduction process occurred at potentials too negative 
to be used in fuel cell applications. However, the intrinsic capacity of the MPc 
complexes examined in this work to reduce oxygen has been demonstrated. 
6.4 Electrocatalytic Oxidation of Nitric Oxide and 
Nitrite 
6.4.1 Nitric Oxide (NO) 
The electrochemical properties of poly-CrTA Pc towards oxidation of nitric oxide 
(NO) and nitrite were pursued in this work. CrT APc was chosen since as stated above, 
electrocatalytic behaviour of CrPc complexes has not been fully explored. Under pH 4.3 
conditions, nitrite disproportionates, mainly, to NO, and the catalytic currents are due to 
NO. Hence the quantitative measurement of the NO is recorded as a function of the 
concentration of the nitrite added into the solution. Fig 6.22 shows the electrocatalytic 
behaviour of the poly-CrTAPc modified GCE towards NO oxidation. A large increase in 
currents was observed on poly-CrT APc modified GCE. 
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Fig 6.22: Voltamrnetric response for NO at an lUlffiodified GCE (i) and [poly-CrTAPcl 20 
electrode (ii to v). Concentrations of nitrite j f!M: (i) = 38; (ii) = 20; (iii) = 38; (iv) = 84; (v) = 
110. Scan rate = 100 mVs" . pH 4.3 buffer. Insert shows the plot of peak current vs. 
concentration of nitrite. 
The catalytic peak for NO was observed at 0.68 v, vs. AglAgCI. All catalytic 
studies were carried out using [poly-CrTAPc ho modified electrode. It is important to 
mention that the catalytic currents for the oxidation of the NO occurred at potentials 
where ring-based process occurs, suggesting the involvement of CrIVTAPc·1j Cr1vTAPc·2 
redox process (II) in Fig 4.9. Catalytic oxidation of NO mediated by ring-based redox 
processes has been described379 The catalytic currents varied linearly with nitrite 
concentration as shown in Fig 6.22, for concentrations ranging from 5 x 10.6 to 5.0 X 10-4 
M. 
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6.4.2 Nitrite 
Dissolving a known amount of NaN02 in pH 7.3 phosphate buffer solution 
generated the nitrite ion. At this pH, the disproprtionation of nitrite to NO is insignificant 
hence the species being catalyzed is the oxidation of nitrite. Fig 6.23 represents the cyclic 
voltammograms for a poly-CrTAPc/GCE catalyst-based electroxidation ofN02'. 
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Fig 6.23: Cyclic voltammetric response of NO; on wunodified GCE (i) and [poly-CrTAPc15o (ii 
to v) for varying concentrations of NO; in N, deaerated pH 7.3 phosphate buffer solution. 
Concentrations of NO,' / mM: (i) = 0.025; (ii) = 0.025; (iii) = 0.05; (iv) = 0.1; (v) 0.2. Scan rate: 
100 mVs·1• Insert shows the plot of peak current vs. concentration of NO;. 
Redox peaks corresponding to oxidation and reduction of the poly-CrT APc on 
GeE in the blank pH 7.3 solution were not clearly observed at the scale employed in Fig 
6.23. However, when the electrode was transferred into a pH 7.3 solution containing 2.5 
x 10,5 M N02', an enhancement of anodic currents attributable to the catalytic oxidation 
of nitrite was observed, Fig 6.23 (ii to v). It has been suggested388 that nitrite ion interacts 
with cobalt (II) tetrasulfophthalocyanine in aqueous solutions forming a 5-coordinate 
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intermediate by its replacement of one of the axially bound water molecules. This point 
might be helpful in understanding the interaction of the nitrite ion with the po/y-CrTAPc 
film on the electrode. Again the position of the catalytic peak suggests the involvement of 
the CrlvTAPc·I /CrlVTAPc·2 couple in the catalytic process. Table 6.1 shows a summary 
of the results obtained from the electrocatalytic studies carried out in this thesis. 
Fig 6.24a shows that nitrite electro oxidation is a diffusion-controlled process. 
Also, the chemical irreversibility of the nitrite electrocatalytic oxidation is confirmed 
from the peak potential, Ep, shift with log of scan rate (Fig 6.24b). The presence of two 
linear regions in the Ep vs. log v plot suggests the chemical reactions coupled with 
electrochemical steps are involved in the electrocatalytic oxidation of nitrite?74 The 
shape of the plot of peak current versus potential in Fig 6.24c is typical of a catalytic 
process274 
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Fig 6.24a: Plots of (a) Ip vs. vln for 1.4 X 10.4 M NO, solution. 
253 
Chapter Six Electrocatalytic Properties 
0.97 (b) 
~ 
u 0.93 
Cl 
~ 
Cl 0.89 
~ 
en 
2:- 0.85 
> 
-
.fr 0.81 
0.77 +----'---t--'--+----I.-+--'--+-'---+---'---Ir---'--1 
1.95 2.05 2.15 2.25 2.35 
log V I mVs·1 
Fig 6.24b: Plots of Ep vs. log v for 1.4 x 10-4 M N02' solution . 
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Fig 6.24c: Plots of I pvl 12 vs. v for 1.4 x 10-4 M N02' solution. Ip and Ep refer to the 
catalytic currents and oxidation potential for N02', respectively. 
254 
Chapter Seven 
Conclusions 
Chapter Seven Conclusions 
For the first time, the syntheses, characterization and electrocatalytic activity of a new 
family of pyrrole, thiophene and mercaptopyrimidin substituted metallophthalocyanine 
complexes has been reported. The results show that thermal annealing of the adsorbed 
cobalt complexes (CoTETPc (16) and CoTMPyrPc (14)), can afford reproducible, stable 
and dependable modified electrodes. Moreover, the material has proven effective for 
decreasing the overpotentials associated with electrochemical oxidation of L-cysteine, in 
acidic medium, (pH 4.0), compared to unsubstituted CoPc. The detection limit was in the 
micromolar range at millimeter-sized electrode. This suggests that the catalysts could be 
used for better detection limits when used to modify micrometer-sized electrode, e.g. 
ultramicroelectrodes, depending on the strategic intent. The complexes are therefore 
promising electrocatalysts for the oxidation of L-cysteine and related thiols. Another 
interesting feature highlighted in this work is the capability of the sulfur containing MPcs 
(MTETPc (16-18) and MTMPyrPc (13-15)) to form self-assembled monolayer films on 
gold electrodes. Although their catalytic activities were not investigated in the work the 
promising results obtained from the monomers adsorbed on GCE demonstrates the 
potential candidacy of these complexes as sensors when immobilized on GCE or gold 
surfaces. 
This report has shown, (in the case of the pyrrole substituted MPc), that po/y-
NiTPhPyPc can be electrotransformed to poly-Ni(OH)TPhPyPc to afford a more stable 
electrode towards the electrooxidation of phenol and its derivatives. Poly-
Ni(OH)TPhPyPc, showed good anti-fouling ability than the unmodified and po/y-NiTSPc 
modified electrodes in the presence of phenols and its derivatives. This result is a 
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contribution to the quest for suitable electrodes for the development of electrochemical 
methods for environmental monitoring and pollution control. 
The electrochemical behavior of MnPc complexes is still not fully understood. 
This work is a contribution towards the characterization of the various oxidation states of 
MnPc using spectroelectrochemistry. The formation of Mnll and Mnlv (in the case of 
MnTAPc) species on reduction and oxidation, respectively, is presented in this work from 
spectroelectrochemical data coupled with cyclic voltammetry. This work has also shown 
that the polymeric MnTAPc complex adsorbed onto a GCE results in a stable surface 
which can be used for analysis . The behaviour of poly-MnTAPc under different pH 
conditions shows that more reversible couples are observed at low pH. The dependence 
of potential on pH shows the involvement of hydroxyl groups accompanying the redox 
processes of the polymer. The polymer shows catalytic activity towards the reduction of 
glycine and oxygen with reasonable degrees of stability. This is an important observation 
since the practical applications of many MPc complexes for analysis has been limited by 
their loss of catalytic activity with time. 
The characterization of CrTAPc complex has been performed on both the 
monomer and the polymerized film. The potential use of the CrTAPc complex for 
amperometric detection of nitrite has been shown in this study. The CrlvTAPc·1 species 
is implicated as responsible for the electro catalytic oxidation of nitrite and NO. The 
comparison of the efficiencies of the various film thicknesses towards the electroactivity 
of the electrogenerated poly-CrT APc shows that an increase in the surface concentration 
of the polymer (as a function of scan number e.g. above 80 scans) results in a decrease in 
the electro activity, and hence, in the electrocatalytic performance. The possibility of 
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casting an electropolymerizable film of this complex makes it particularly interesting for 
further investigations for possible application In photochromic devices and 
multidimensional arrays for sensor applications owing to the multiple oxidation states of 
the central metal. 
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